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ABSTRACT OF THE DISSERTATION 

 

Reconstructing Ancient “Cobalt Blue” Technology from an Experimental and Theoretical 

Approach 

 

by 

 

Krystal Marie Cunningham 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2019 

Professor Ioanna Kakoulli, Co- Chair 

Professor Jaime Marian, Co- Chair 

One of the earliest examples of synthetic pigments is ‘cobalt blue’ or ‘Amarna blue’, which 

was produced in Egypt 3500 years ago during the New Kingdom (16th – 11th century B.C.). It is a 

cobalt (Co) aluminum (Al)-spinel blue compound with an AB2O4 (i.e.CoAl2O4) structure, 

consisting of two metallic cations A2+ and B3+ in tetrahedral and octahedral arrangement. This 

cobalt-based ceramic pigment was produced through processing of natural materials at high 

temperatures (1). Cobalt blue was a product of great value and significance and of highly 

specialized technological knowledge (1). The localized geographical development and short life-

span of its production of 200+ years, however, raised many questions about its raw material 

selection and production technology. Previous research conducted primarily on a small number of 
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surface-collected ceramic sherds, suggested that cobalt blue was produced using cobaltiferous 

alum from the Dakhla and Kharga Oases of Egypt, via precipitation or solid state sintering (2). 

Owing to the importance and significance of this pigment both from an archaeological materials 

science perspective as well as from a materials engineering perspective, this ancient spinel was 

investigated both experimentally and theoretically.  Using materials science principles and reverse 

engineering, and modern reproduction experiments to recreate the ancient pigment, the 

composition, structure and variability, as well as, the operational sequences for the production of 

this ancient pigment have been established. Findings from the systematic analysis of cobalt blue 

from the archaeological collections of the Metropolitan Museum of Art in New York and the Petrie 

Museum in London using electron microscopy and X-ray diffraction, indicated compositional and 

morphological homogeneity, with an interconnecting network of nanocrystals of various spinel 

phases, together with other crystalline production byproducts and remnants of the production 

process. Reproduction experiments producing end-products with similar composition and structure 

to the ancient pigment suggested a solid-state synthesis. Potential model parameters for CoAl-

spinel was developed for the first time and produced similar results to reported experimental data 

(3). Theoretical modelling of the structure and properties of CoAl-spinel indicated an equilibrium 

lattice parameter of 8.1127 and a bulk modulus of 212GPa.  
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1 Introduction 

The technology of ancient engineered materials such as ceramics, glasses and glazes (4) 

provide an invaluable knowledge in ancient technology and a strong foundation in the design of 

novel advanced materials for modern applications.  

The cobalt (Co) aluminum (Al)-spinel pigment decorating Egyptian ceramics of the 18th 

Dynasty (Figure 1), is one of the oldest ceramic pigments 

produced in Egypt over 3500 years ago, with only 

Egyptian blue a sintered polycrystalline material 

containing as major phase CaCuSi4O10 as its sole 

predecessor. The production of this colored ceramic 

pigment bloomed during the rules of Amenhotep III and 

Akhenaten (1390-1336 BC) (1) but suddenly ceased to 

exist during the Twentieth Dynasty (1186-1069 BC).  

The production of Co-blue pigment with spinel structure, 

has been linked to the exploitation of naturally occurring cobalt-rich alum, a hydrated double 

sulfate of potassium and aluminum, though it can also be defined as a hydrated double sulfate that 

contains aluminum with or without another alkali, alkaline earth or transition metal (-

MAl(SO4)2·12H2O with M=K, Rb, Tl, and NH4), found in the Dakhla and Kharga Oases in 

Western Desert (5, 6) of Egypt. Compared to Egyptian blue which was most likely produced in 

different locations/countries and used continuously from the 4th millennium BC to the fall of the 

Roman Empire (7), the local occurrence and limited production period of the Co-blue pigment of 

~200+ years), is noteworthy and could be associated with unavailability or restricted access to raw 

materials; e.g. cobalt alums.  

Figure 1. Vase showing cobalt blue decoration, 

18th Dynasty, Amarna, Egypt. Credit: Colin A. 

Hope/Monash University 
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Previous studies to define the structure of this ancient pigment (5, 8) and the raw materials 

used for its production (9), as well as, laboratory experiments to reproduce the pigment (2), 

suggested that this is a cobalt aluminate (spinel) produced using cobalt salts and cobalt alums as 

precursors through: 1) solid state sintering and 2) a two-step process by precipitation from a 

solution followed by sintering. 

For the solid state sintering method, it was proposed (1, 9) that the cobalt aluminate 

pigment is produced through solid state reactions by applying a mixture of aluminum hydrate and 

Co-containing compounds directly onto the surface of the clay body (air dried) and fired at 

temperatures between 800°C and 1200°C per Equation 1. 

Equation 1: 𝐴𝑙𝐻2𝑂 + 𝑐𝑜𝑏𝑎𝑙𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 
800℃−1200℃
→          𝐶𝑜𝐴𝑙2𝑂4 

For the precipitation method, the assumption is that Co, Al, oxyhydroxides (solid/gels) are 

formed through precipitation in ammonium or sodium carbonate (most likely natron, an evaporate 

containing mainly Na2CO3.10H2O) aqueous solutions per Equation 2. 

Equation 2: 𝐶𝑜2+ 𝐴𝑙2 (𝑆𝑂4)4  ∙   22 𝐻2𝑂 (𝑠) +  𝐻2𝑂 + 𝑁𝑎2 (𝐶𝑂3) (𝑠)  → 𝐶𝑜, 𝐴𝑙 𝑂𝑥𝑦ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒𝑠 (𝑠 𝑔𝑒𝑙⁄ ) +
 𝑁𝑎2𝑆𝑂4 (𝑠) +  𝐶𝑂2 (𝑔)  

 

 The precipitates are then fired at high temperature per Equation 3. 

Equation 3: 𝐶𝑜,𝐴𝑙 𝑜𝑥𝑦ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒𝑠 (𝑠/𝑔𝑒𝑙) 
800−1200𝑜𝐶

𝑓𝑖𝑟𝑖𝑛𝑔 𝑜𝑓 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒
> 𝐶𝑜𝐴𝑙2𝑂4(𝑠) 

 

 The ancient cobalt-based spinel pigment consisting of two metallic cations A2+ and B3+ in 

tetrahedral and octahedral positions respectively, was of great value and was characterized by very 

specialized craftsmanship. The ability to create cobalt blue spinel 3500 years ago is considered a 

technological achievement, demonstrating advanced knowledge and practice of pyrotechnology. 

Today, cobalt and aluminum nitrates/chlorides, along with a mineralizer such as sodium hydroxide 
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(NaOH) is mixed to form pure cobalt blue with a stoichiometry of CoAl2O4, a spinel structure, 

with formula AB2O4 (10). 

Spinels are easy to produce and form into shapes, but require high temperatures (>1000C) for 

sintering through solid state reaction processing. They have excellent chemical and mechanical 

properties and an ability to perform well in high-temperature applications, as refractory linings or 

color-stable pigments. More recently, transparent spinels have been explored as advanced 

materials for spacecraft windows (11). Compared to their magnesium (Mg) counterparts, however, 

Co-based spinels have been much less studied. The discovery of this ancient pigment, is therefore, 

important and opens up new perspectives in materials design and development, as the study of this 

pigment, which survived adverse environmental and burial conditions for thousands of years, can 

inspire the design of novel materials with improved properties for modern applications such as: 

colorants in paint (that need to withstand high temperatures), pigments for ink jet printing (12), 

color filters for automotive lamps (13) as well as in  nanocomposites utilizing their strong high 

hiding power (14). 

1.1 Research Objectives 

Through an experimental and theoretical approach based on materials science and engineering 

principles and methods, this research explores the structure and production technology of the 

ancient cobalt blue pigment and investigates the mechanical properties of CoAl-spinels. The 

research is divided into two major parts: 1) Experimental materials science and reverse engineering 

of the structure and production technology of the ancient cobalt blue pigment and 2) theoretical 

modeling of the structure and properties of Co and Mg spinels.   

The objectives reflect the experimental and theoretical approach to this research and aim to: 
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1. Establish the chemical structure and variability of the ancient cobalt blue pigment through 

a comprehensive and systematic characterization of the ancient materials based on a 

multianalytical and multiscale approach which includes analyses using: scanning electron 

microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) for morphological, 

microstructural and quantitative analysis of major and minor elements; X-ray diffraction 

(XRD) and transmission electron microscopy (TEM) for the identification of the crystal 

structure of the pigment.  

2. Identify the production technology and chaîne opératoire (operational sequences) of 

transforming the raw materials into a [cultural] product through the scientific study of 

archaeological samples and reproduction experiments, testing two different synthesis 

processes: 1) solid state sintering, and a) precipitation and sintering. 

3. Develop a computational model that can be integrated in the Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) for MgAl-spinel to verify 

the validity of the integration. 

4. Modify the MgAl-spinel model with cobalt spinel parameters and calculate its materials 

properties such as the bulk modulus.  

1.2 Research questions and Intellectual merit 

There are many “lessons” that can be learned from the past, especially from a material such 

as this blue ceramic pigment that has withstood the passage of time for over 3500 years. This 

pigment represents wealth and luxury and was the pigment of choice for many Egyptian kings. It 

was produced and used for a very short period of time, mostly during the 18th Dynasty, then 

suddenly disappeared around the 20th Dynasty (~1100BC) (1). In contrast to the cobalt-containing 

glasses from Egypt that recieved great attention, there are very few scientific studies on the cobalt-
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based blue pigment. As a result, there are still unanswered questions regarding the pigment’s 

chemistry (composition and structure) and production process(es) and operational sequence, as 

well as the nature of the raw materials (precursors) used.  

From a materials science perspective, understanding the processes of how this material was 

manufactured, can provide important links to the raw materials choices and availability, and help 

to understand better the social dynamics and access of ancient resources during the 18th Dynasty 

in Egypt. It further provides material knowledge of the excavated ceramic sherds which 

significantly adds to their interpretation and classification. In this arena, this research addressed 

the following questions: Why was cobalt blue explored as a new resource for pigment production 

and how was it used differently from Egyptian blue (a copper-based frit) that has been the 

predominant blue pigment in Egypt since the 4th millennium BC? Why did cobalt blue production 

last for only a very limited and specific period? How does raw material selection infer production 

technology, skill and social organization? Hypotheses, such as, access and/or unavailability of 

natural resources; change in the religious structure of Egypt which could have directly impacted 

its socioeconomics and the arts; and introduction of new techniques of decorating clay/ceramic 

artifacts, i.e. development of ceramic pigments produced through heat-induced phase 

transformation and color change (into blue) of the raw materials fired directly with the clay pot, 

have been considered.  

 From a materials engineering perspective, this research further explores the relationships 

between composition, structure and properties of the ancient pigment. 

In modern society, spinels have been used in several industries from electronics to aerospace. 

More recently their use has been explored for other applications. The Navy Research Lab, gives 

an overview of their potential (15): “Imagine a glass window that's tough like armor, a camera lens 
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that doesn't get scratched in a sand storm, or a smart phone that doesn't break when dropped. Except 

it's not glass, it's a special ceramic called spinel”. Specifically, CoAl-spinels have been considered 

for its superior properties, such as chemical and thermal stability and color stability, as well as 

their magnetic properties (13). However, the mechanical properties of CoAl-spinels have yet to be 

validated and compare to its Mg-counterpart (Figure 2). Through computations, this research 

evaluates the mechanical properties of the nanostructured CoAl-spinel pigment and compares them 

to other spinel ceramics in terms of its mechanical properties. 

 
Figure 2. MgAl – spinel Structure 

1.3 Broader Impact 

With the potential to expand understanding of how technology and culture are historically 

intertwined, the exploration of the cobalt blue spinel structure using materials science principles 

and methods provides an insight to the production and variability of the pigment and its cultural 

significance. This is very important as the artistic creation of ceramic artifacts was never really 

separated from their production technology. With the artistic and humanistic aspects fully 

integrated, this research provides a unique example of Science, Technology, Engineering, Art and 

Math (STEAM) approach to research and serves as a diverse platform to engage individuals from 
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the field of materials science and engineering, as well as, archeology. Both fields often do not seem 

to intuitively come together and is viewed as far reached. Therefore, the broader impact of this 

research is to build stronger ties between these diverse disciplines in order to better understand 

archeological materials science and to use the knowledge of the past to design materials for the 

future.  
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PART 1: Reverse engineering of the structure and 

production technology of the ancient cobalt blue 

pigment 
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2 Cobalt Blue (Amarna Blue) Pigment in Retrospect 

2.1 Archaeological Background 

Cobalt blue was first developed in Amarna Egypt in the 18th Dynasty, during the New 

Kingdom. New Kingdom refers to 18th – 20th Dynasty between the 16th and the 11th century BC 

(ca. 1550 – 1070 B.C.) (16). Amarna was a city founded by the pharaoh Akhenaten in conjunction 

with a major shift in religion and was inhabited for only about two decades. However, historians 

see the prelude of many developments of the Amarna period in the reign of his father Amenhotep 

III or earlier. Certainly, during his father’s reign, Akhenaten was prince and was influenced by his 

father’s attention to the Aten (a God who was identified as the light in the Sun – Disc), a God 

whom Akhenaten promoted as the primary deity to the near-exclusion of other gods.   

Akhenaten was known as the “heretic king” and led the religious revolution with his wife 

Nefertiti. His Pharaoh name was Amenhotep IV, Amen – for the God Amun which was the most 

important god during the New Kingdom. However, he believed that the Sun – Disc God was the 

most important God and changed his name to Akhenaten, meaning the one who worships Aten. 

He lived in Thebes, the ancient capital of Egypt and they had 

many god and goddess, especially of Amun. Thus, Akhenaten 

decided to create his own city north of Thebes called 

“Akhenaten” meaning city of Aten which later became Tell 

el –Amarna (Figure 3).  Many of his followers went with him 

to this new city. However, most of the Egyptians were not 

comfortable with the idea of- and willing to give up their 

many gods and goddesses. As a result, he created his own style of art – called Amarna Art – that 

was not filled with gods and goddesses, military or a muscular pharaoh as had been known in 

Figure 3. Map of Egypt 
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Egyptian art. Though, Akhenaten was still present in artworks, but as a more relaxed king. 

Moreover, during his reign, the use of cobalt blue was most dominant and ranged from domestic 

uses to ornamental luxury items (1). In some instances, it was painted on mortuary wares, usually 

in sets indicative of special production. These styles were like that of ceramic wares in Thebes and 

it was believed that these potters followed Akhenaten to Amarna. The quality of the blue painted 

ceramics varied but its manufacture symbolized luxury and the wealth of New Kingdom – which 

was arguably one of the wealthiest time in Ancient Egypt (17). Though, cobalt blue decorated 

ceramics were most abundant under the rule of Akhenaten, workshops were found in both Amarna 

and Malqata so in accessing samples, the possibility of them being from either place needs to be 

accounted for.  

2.2 Literature Review: Structure and Technology of Cobalt Blue Pigment 

Only a limited number of scientific publications exist on the production technology of cobalt blue, 

the selection of the raw materials chosen as precursors, and the operation sequence employed for 

its manufacture (1, 2, 5, 7-9, 18, 19).  

These published references indicate that there are two methods of production:  1)  through solid 

state reactions where pulverized cobalt-containing precursors, such as cobalt alums or a mixture 

of aluminum hydrate and cobalt-rich compounds are applied directly onto the ceramic body and 

fired at high temperatures between 800oC and 1000oC (1) and 2) through a two-step reaction 

involving a chemical process of formation of cobalt and aluminum oxyhydroxides followed by 

sintering of these precipitates.  

Riederer (1974) (9), presented a production method for the formation of CoAl2O4 identified by 

XRD. However, the paper does not contain quantitative data to establish the ratio between Co and 

Al for comparison to other studies. Riederer also questions whether cobalt blue was produced in 
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Egypt or if it was imported or prepared in Egypt with imported cobalt compounds. He also 

suggested the production of CoAl2O4 using solid state reactions by applying a mixture of aluminum 

hydrate (which occurs as a white clay in nature) and a cobalt-containing compound, on the ceramic 

body prior to firing, turning blue by the heat during the transformation/formation of the cobalt 

aluminum oxide. His assumption was supported by the observation that violet and red streaks, 

which were drawn before firing, sometimes run over the blue paint. He also mentioned that cobalt 

blue, containing irregular size-rounded grains of bright blue was only found on ceramic ware.  

The solid state sintering method was proposed by Reiderer in 1974 (9) which was later rejected 

by Noll (8), who instead proposed the precipitation method for creating cobalt blue. Shortland et 

al. (2006) (2) found that the cobalt was not imported as Reiderer (1974) suggested and the source 

for cobalt was cobaltiferous alum from the Dahkla and Kharga Oasis. Based on this, Abe et al. 

(2009) (19), who is in support of the precipitation method, concluded that had solid state been 

used, the solution of cobaltiferous alum would have been simply applied to the clay body before 

firing. 

According to Noll et al. (1981) (8), cobalt blue was made by precipitation from aqueous 

solution of cobalt salts, alum and an alkali (perhaps sodium carbonate (Na2CO3)), followed by 

heating of the solid/gel to 800C - 1000C. Cobalt blue pigment was then applied post-firing and 

perhaps pre-firing as well. Loose aggregate of round particles in tenths of a micrometer were 

observed with SEM. Cobalt blue spinel was identified based on EDS analysis even though the ratio 

between cobalt and aluminum is much lower than 1:2. He pointed out that the low Co to Al ratio 

helps the formation of spinel structure. The paper deduced the formation of CoAl-spinel based on 

SEM-EDS data. However, no quantification data of the EDS spectra were provided.   
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Kaczmarcyk (1986) (5) analyzed six (6) bags of colored alum from the Dakhla Oasis with 

the goal of identifying the raw material used in the production of cobalt blue. Atomic Absorption 

and classical wet chemistry methods were employed to analyze alum containing pick/lavender 

veins. Co, along with Mg, Al, Fe, Ni and Zn were identified which is consistent with the blue 

colorant used in the New Kingdom, Egypt. 

Uda et al. (2002) (7) employed particle induced X-ray emission (PIXE) and portable X-ray 

fluorescence spectroscopy (XRF) and found Na, Mg, Al, Si, Cl, S, K, Ca, Ti, Mn, Fe, Co, Ni and 

Zn in the blue paint layers of ceramic ware from Amarna. Uda characterized “Amarna Blue” 

(another name coined for cobalt blue) as a light blue pigment with structure Co(M)Al2O4 where 

M is Mn, Fe, Ni and Zn mixed with/in the presence of anhydrite (CaSO4). The spinel structure of 

the pigment with a lattice constant of 8.10Å was defined based on XRD data showing broad 

diffraction peaks at d = 2.44, 1.43 and 1.56Å. The broad peaks indicated the pigment contained 

small grains. 

Shortland et al. 2006 (1), analyzed samples retrieved from ceramic production workshops in 

Malqata and Amarna where cobalt blue sherds were found. In their paper, they reported the work 

of others, stating that the formation of (Mg,Co)Al-spinel is achieved at temperatures between  

900C and 1200C; below 900C, other cobalt oxides could form resulting in a dark grey/black 

pigment. The temperature range was established based on the identification of vitreous phases and 

intergranular bridges between the ceramic body and the slip (a liquefied suspension of clay particles 

in water that was used in the decoration of ceramic ware as an intermediate layer between the ceramic 

body and the pigmented decoration). Normalized quantitative data using wavelength dispersive X-

ray spectroscopy (WDXS or WDS) on the pigment layer (with totals between 60 – 70%, most 

likely due to the high porosity of the samples) were presented. Their results suggested a different 
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source of alum for the blue painted ceramics that that used in Co-containing glasses, as well as, 

compositional differences between the cobalt blue pigment on the sherds retrieved from the 

archaeological sites of Amarna and Malqata. Additionally, Shortland et al. mentioned the presence 

of a slip layer enriched with anhydrite and gypsum. This layer serves a background for the blue 

paint as it provides a pale buff color and is primarily seen on ceramics made of non-calcareous 

clay.  

Abe et al. (2009) (19), developed a portable fluorescence spectrometer and diffractometer to 

study the blue painted sherds and plaster from the Northwestern Saqqara dessert from the mid-18th 

Dynasty to the 19th Dynasty. They found that some sherds contained a slip, usually on ceramics 

made of Nile Silt clay or similar. Production of the cobalt blue paint was attributed to the 

precipitation process as there was not a significant increase in the amount of sulfur (from the alum) 

in the paint layer compared to the slip. The increase in sulfur would have been characteristic of a 

solid-state reproduction process. Abe et al. (19), indicates that cobalt blue was used primarily on 

ceramic ware (earthenware) for storage as opposed to Egyptian blue that was used to paint plasters. 

Portable XRF identified Al, Mn, Fe, Ni, Zn and XRD indicated the presence of cobalt blue spinel 

with lattice parameter of 8.104Å. They interpreted the homogeneity of the Co, Ni and Zn as being 

a direct result of the precipitation production process. Lastly, the slip is made up of gypsum 

(𝐶𝑎𝑆𝑂4 ∙  2𝐻2𝑂), anhydrite (𝐶𝑎𝑆𝑜4) and halite.  

2.3 Spinel Structure 

In a spinel unit cell, there are 32 oxygen atoms and 24 cations and has a general formula of 

AB2O4 (space group Fd3̅m). For every one B atom,  there are two A atoms and spinels can either 

be normal or inverse, depending on the cations distribution in the A and B positions (20). In terms 

of mineralogy, the spinel group can be divided into three subgroup depending on the trivalent ion: 
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Spinel (Al), magnetite (Fe3+) and chromite (Cr); the phases present in each subgroup are defined 

by the divalent cation. In the spinel subgroup, there are spinel (Mg), hercynite (Fe2+), gahnite (Zn), 

galaxite (Mn), along with Co and Ni which are not assigned a name. In the magnetite subgroup, 

there are magnesioferrite, magnetite, franklinite, jacobsite and trevorite (20). Lastly, in the 

chromite subgroup, there are magnesiochromite and chromite. Since, chromite has not been 

identified in the elemental composition of the blue paint layer, the chromite subgroup will not be 

discussed.  

The spinel group (referred to as MgAl2O4) (Figure 2) is the most common and is well 

researched, where Mg is often replaced by other divalent cations in the subgroup (21-24). The 

color of spinel varies from colorless to blue, brown, pink or red depending on the divalent cation. 

The divalent cations in the spinel subgroup are considerable substituted and in some case complete 

solid solution can be achieved, resulting in a color change. In cases, where the host lattice (MgAl-

spinel) is only partially substituted, the change in color and properties depends on the amount of 

substitution that takes place. Similarly, in the magnesioferrite subgroup, the Mg can be replaced 

by Fe2+ to form a brownish to black color. This phase has been less studied as it is closely 

associated with hematite (20).  
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3 Methodology and Characterization Techniques 

Archaeological cobalt blue painted ceramics, and end-products from the modern synthesis to 

re-create the ancient blue pigment were analyzed using non-invasive and non-destructive 

techniques from the macroscopic to the submicron and molecular length scale. Non-invasive 

techniques, are non-contact techniques that do not require samples. The analysis is done directly 

on the artifact. Non-destructive techniques, are minimally invasive techniques, requiring a sample 

for the analysis, however, they do not consume the sample to yield results and therefore the same 

sample can be used for multiple analyses. Microsamples from both the archaeological materials, 

as well as, from the modern simulations to re-create the ancient pigment were prepared and 

analyzed. These included powders from the blue surface of the ceramics and bulk stratigraphic 

samples containing the blue paint layer, the slip (if present) and the ceramic body. 

3.1 Non-invasive techniques 

3.1.1 Digital Microscopy (DM) 

Sherds from the Met and Petrie collections were first investigated non-invasively by means of 

digital microscopy using a Keyence VHX 1000 digital microscope, to document specific areas of 

interest containing the blue pigment, and to help planning further investigation. Initial observations 

of the small representative stratigraphic samples containing the blue paint layer and part of the 

ceramic (<2mm3) were imaged using a KEYENCE VHX – 1000 digital microscope at 20x, 50x, 

100x, and 200x magnification, focusing on specific areas of interest which informed the analysis 

using scanning electron microscopy (SEM). 

3.1.2 X-ray Fluorescence (XRF) 

Element abundances of the ceramic sherds’ body and paint layer were established by X-ray 

Fluorescence (XRF). The Petrie sherds were not available for non-invasive analyses. Qualitative, 
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non-destructive, open-architecture XRF analysis was performed in situ on various areas of the 

sherd and spectra were acquired with a Bruker Artax instrument using unfiltered Rh radiation at 

50 kV, 700 a, with a 1 mm collimator, and with a 60 seconds live-time acquisition of seconds, in 

a helium atmosphere was used to qualitatively understand bulk composition of the sherds body 

and paint.  

3.2 Sampling Preparation and Non-Destructive Techniques 

3.2.1 Sampling 

Stratigraphic microsamples of <2mm3, were removed from representative areas of the 

fragmentary archaeological sherds using a micro-scalpel and prepared as polished cross-sections 

for analysis. Powdered samples were taken along the section of the ceramic body of the Met sherds 

using a solid diamond micro-drill.  

3.2.2 Preparation of polished cross-section 

For samples obtained from the Petrie Museum, Buehler EpoxiCure® epoxy resin (mixed with 

EpoxiCure® Epoxy Hardener as prescribed) was poured into custom-made rubber cubic molds 

(1.5x1x1cm) to fill half of their volume. After the hardening of the resin, the sample itself was 

then placed in the mold with the painted surface facing downwards. More resin was then poured 

over the sample until it was completely covered and put under vacuum using a Buehler Cast n’ 

Vac 1000. Once the resin had set, the samples were cut perpendicular to the surface using Buehler 

silicon carbide grinding papers from 240 to 1200 grit. Polishing was carried out using the alcohol-

based Leco® Ultra Lap Diamond Extender Part No. 812-433 together with Leco® Microid 

Diamond Compounds Part No. 810-871of 3 microns and Part No. 810-870 of 1 micron. Polishing 

suspensions were spread on Buehler® MasterTex polishing cloths attached to the Leco® GP-25 

polishing turntable.  
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Stratigraphic samples from the Met archaeological sherds were embedded in Buehler 

EpoThin™ 2 Epoxy Resin (mixed with Buehler EpoThin™ 2 Epoxy Hardener as prescribed) using 

the same technique described above for the Petrie samples, in Fritz Böke translucent silicone molds 

without being placed in vacuum and left to cure overnight. The samples were ground using Buehler 

silicon carbide grinding papers from 240 to 1200 and polished using 1micron Buehler® MetaDi® 

Monocrystalline Diamond Suspension and 0.25-micron Buehler® MetaDi® Supreme 

Polycrystalline Diamond Suspension on Buehler® MasterTex polishing cloths and ion milled 

using the IM400 Hitachi with a discharge voltage of 1.5kV and accelerated voltage of 3kV for 30 

mins then another 15 mins at 1.4kV accelerating voltage. 

3.2.3 Focused Ion Mill preparation 

A microscopic thin section of 10x10x2 m was extracted from sample UC24557 (Petrie 

collection), Mal 77b (Met collection) and SS1 900C (reproduced sample through sold state 

sintering) using a Nova 600 SEM/FIB equipped with a high –resolution Field Emission SEM 

column, a Schottky thermal field emitter, an In-lens secondary electron and Everhart-Thornley 

detector at an accelerating voltage of 10kV. The polished cross section UC24557 from the Petrie 

collection, was sub-sampled using Focused Ion Beam milling and analyzed using STEM/TEM.  

3.2.4 X-ray Diffraction (XRD) 

Powdered samples taken from the ceramic body were analyzed using XRD to gain insight into 

the firing temperature of the ceramic body and compositional variability amongst the sherds. The 

mineralogy of the Met sherds’ body was analyzed by XRD using a Philips PW-1835 goniometer 

and a Philips PW-1830 X-ray diffractometer working with Cu Kα radiation at 40 kV and 30 mA, 

scanning between 5° and 70° 2θ with a step size of 0.02°, and a dwell time of 2.5s. Under the same 
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conditions, drilled powdered samples were used to characterize the body of the sherds, while the 

blue decorations were studied in situ. 

The paint layer of selected archaeological sherds and pigment produced through modern solid 

state sintering, was also sampled and analyzed using a Rigaku Rapid D-Max micro-XRD, with Cu 

Kα radiation at 46kV, 40mA, a 0.8mm collimator and a total scan from 3° to 90. The pigments 

prepared by the precipitation method were analyzed at 50kV, 40mA and 0.3mm collimator for a 

total scan from 5º to 75º.  

3.2.5 Scanning electron microscopy (SEM) coupled with Energy dispersive spectroscopy 

(EDS) 

A Zeiss ∑igmaTM HD field emission electron microscope coupled with an Oxford Instrument 

X-MaxN 80 SDD EDS detector was used for SEM-EDS analysis of polished cross sections from 

the Met and the Petrie collections, and from the modern solid state sintering synthesis. Carbon 

coated samples were analyzed and imaged in high vacuum with an accelerating voltage of 20kV. 

The samples produced via the precipitation method and the unfired pigments (for both solid state 

sintering and the precipitation method) were analyzed using an FEI Nova™ NanoSEM 230 

scanning electron microscope (SEM) with field emission gun and variable pressure capabilities, 

equipped with a Thermo Scientific NORAN System 7 X-ray Energy Dispersive Spectrometer 

(EDS). Polished cross-sections were analyzed with SEM-EDS for spatially resolved inter and 

intra-layer visualization and elemental characterization. A solid state backscattered electron 

detector (BSED) at high vacuum was used for the detection of compositional contract and phase 

identification; atoms of heavier elements elastically scatter electrons more strongly compared to 

those of lighter elements, resulting in higher signal intensity for elements with higher atomic 

numbers. Thus, areas of the sample that are mostly composed of high-Z elements appear brighter 
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than areas composed of low-Z elements, providing useful information when studying the 

heterogeneous and multilayered samples. Elemental characterization using spot and area analysis 

tools as well as mapping of element abundances were obtained by EDS. The analysis of well-

polished surfaces was important for quantitative measurements because of the shallow probing 

depth of electrons interacting with the surface. In addition, polished surfaces minimize the 

deflection of BSE in different directions, maximizing the collection of electrons by the detector 

located symmetrically about the incident beam of electrons. Spot analysis enabled comparisons of 

peak intensities, providing data regarding relative concentration of elements found in the 

specimen, and elemental mapping of selected areas, the distribution of elements. For each sample 

analyzed with SEM-EDS, five areas were analyzed per sample for the various layers (ceramic 

body, slip and paint). 

3.2.6 Scanning Transmission Electron Microscopy (STEM) and Transmission Electron 

Microscopy (TEM)  

TEM analyses was performed on samples UC24557, Mal 77b and SS1 900C using a JEOL 

2800 TEM/STEM equipped with a Schottky field emission gun operated at 200kV and EDS 

elemental mapping was collected by a large angle dual dry solid state 100mm2 detectors. 

3.2.7 Synchrotron-Radiation X-ray spectromicroscopies 

X-ray Fluorescence was performed using beam line 2-3 at SLAC (Stanford Linear Accelerator 

Center). The incident X-ray energy of 9500 eV was obtained using a Si (111) double crystal 

monochromator with the Stanford Positron Electron Accelerating ring (SPEAR) storage ring 

containing 500 mA at 3.0 GeV in top-off mode. The fluorescence lines of the elements of interest 

were monitored using a silicon drift Vortex detector (Hitachu) sing Xspress3 pulse processing 

electronics (Quantum Detectors). In addition to regions of interest, the entire fluorescence 
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spectrum was also collected at each data point.  The microfocused beam of 2x2mm was provided 

by a Rh-coated Kirkpatrick-Baez mirror pair (Xradia Inc.)  The incident and transmitted X-ray 

intensities were measured with nitrogen-filled ion chambers. Samples were mounted at 45° to the 

incident x-ray beam and were spatially rastered in continuous scan mode in the micro-beam using 

a Newport VP-25XL-XYZ stage. Beam dwell time was 25ms per pixel.  Data maps were processed 

using the MicroAnalysis Toolkit (25). 

    X-ray absorption spectroscopy (XAS) data were collected on specific areas of interest on 

the sample to identify their speciation and structure.  Co K-edge XAS spectra were collected in 

fluorescence mode using the silicon drift detector. Analysis of the bulk XAS data was performed 

using the programs SIXPACK (26). The composition and structure of the Co pigments were 

determined using both the XANES (X-ray absorption near edge structure) and EXAFS (extended 

X-ray absorption fine structure) regions. For EXAFS analysis, spectra were k3-weighted and 

analyzed at 3 – 12 Å-1.  
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4 Characterization of Archaeological Cobalt Blue: 
Composition, Structure and Variability 

The systematic analysis and characterization of archaeological ceramics from Amarna and 

Malqata, decorated with cobalt blue pigment, addresses a knowledge gap in our understanding of 

the technology of cobalt blue pigment, and provides new insight into the basic composition, 

synthesis and variability of this ancient coloring compound. This was achieved through the 

analysis of ceramic samples from the collections of the Petrie Museum of Egyptian Archaeology 

at University College London and the Metropolitan Museum of Art (Met) in New York. These 

will be referred to as Amarna and Malqata samples respectively.  

The composition and structure of archaeological cobalt blue were established through a 

multianalytical and multiscale approach combining imaging and spectroscopic techniques 

including digital microscopy, X-ray fluorescence spectroscopy (XRF), X-ray diffraction (XRD), 

scanning electron microscopy coupled with energy dispersive spectroscopy (SEM-EDS), scanning 

transmission electron microscopy (STEM), transmission electron microscopy (TEM) and 

synchrotron-based X-ray spectromicroscopies.  

Three ceramic sherds (3) painted with cobalt blue pigment with surface paint varying from 

grey to light blue from the collection of the Petrie Museum of Egyptian Archaeology were 

analyzed (Figure 4). The sherds are decorated with large grey-blue bands delineated by dark red 

bands and thin lines that make up the decorative motif.  These ceramics from the Petrie collection 

were excavated in Amarna (27) and date to the late 18th Dynasty during the reign of Akhenaten 

(ca. 1349-1336 B.C.).  
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Figure 4. Ceramic sherds analyzed from the Petrie Collection (Amarna) 

The study of archaeological cobalt blue ceramics also included sixteen (16) ceramic sherds 

with cobalt blue paint from the Metropolitan Museum of Art (Met) (Figure 5). The ceramics from 

the Met collection were excavated at Malqata and date to the mid 18th Dynasty, during the reign 

of Amenhotep III (ca.1427-1400 B.C.). 
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Figure 5. Ceramic sherds analyzed from the Met Collection (Malqata) 

On a macroscopic scale, these ceramic sherds display decorations of various hues of blue, 

ranging from light to dark greyish blue, as well as black and red hues, sometimes on a white 

background. Compared to the Petrie sherds, the Met samples exhibit a more varied palette, (though 

this consists of a larger sample size), and can be grouped into five distinct categories based on their 

descriptive typographical features as described in Table 1. 
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Table 1. Description of Met sherds, grouped based on their typographical features  

 
  

A black diffused core is observed in the samples in category 5. Rye et al. (1982) noted that 

the black diffused core is formed in ceramics that were fired in the open or in a kiln with an 

oxidizing environment but complete oxidation was not obtained (28). 

4.1 Results 

4.1.1 Ceramic Body 

There are two distinctive groups of ceramic bodies: calcareous clay (Group I) and non-

calcareous clay (Group II) based on the expected range of 10-18% CaO in calcareous clays (2). 

Those in Group I are composed of calcium-rich (marl) clay (Table 2) whereas those in Group II 

(Table 3), which  are also grouped within category 5 (Table 1), contain most likely Nile silt clay.  

The CaO content in the samples from Group 1 falls within expected calcareous range, except for 

Malqata samples: Mal 77a, Mal 77b and Mal 77d which are richer in calcium.  
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Table 2. Chemical composition of the ceramic body of samples from Amarna and Malqata, analyzed via SEM-EDS 

and expressed as weight percent (wt.%) of the oxide (*Analyses from Shortland et al.2006). 

 

Collection: Sample ID

Amarrna: UC24630 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO

1 2.53 3.46 16.77 49.16 0.82 3.79 2.34 14.16 0.97 0.32 5.69

2 1.6 3.41 15.81 52.89 1.18 3.13 2.29 12.35 0.82 0.29 6.21

3 1.4 3.79 15.77 48.82 0.73 4.83 2.56 14.48 0.81 0.29 6.46

4 1.69 3.51 16.35 52.85 1.17 3 3.12 8.96 1.7 0.36 7.3

5 1.64 2.99 15.12 40.77 1.21 11.92 2.64 13.79 1.89 0.38 7.65

Average 1.77 3.43 15.96 48.90 1.02 5.33 2.59 12.75 1.24 0.33 6.66

STD 0.44 0.29 0.63 4.94 0.23 3.75 0.33 2.27 0.52 0.04 0.80

Amarna: UC24639

1 1.03 6.2 17.36 45.35 0.38 2.09 2.4 16.48 0.84 0.62 7.24

2 0.74 3.82 13.45 54.79 1 1.89 1.49 15.87 0.64 0.47 5.83

3 1.08 4.9 17.99 45.77 0.63 1.77 2.49 15.87 0.88 0.57 7.06

4 1.47 4.49 18.28 45.7 0.44 2.79 3.35 14.17 1.21 0.53 7.56

5 1.63 5.59 17.81 46.87 0.53 2.97 4.41 11.41 0.9 1.02 6.87

Average 1.19 5.00 16.98 47.70 0.60 2.30 2.83 14.76 0.89 0.64 6.91

STD 0.36 0.93 2.00 4.01 0.24 0.54 1.10 2.06 0.20 0.22 0.66

Amarna: UC24557 

1 1.88 5.09 18.98 48.13 0.84 0.9 3.52 12.25 0.8 0.5 7.11

2 1.57 4.6 17.31 48.78 0.76 0.88 2.59 13.2 1.99 0.53 7.78

3 1.81 5.01 16.35 48.56 1.41 1.03 1.93 13.58 0.82 0.61 8.89

4 1.49 4.63 16.98 51.47 1.04 0.9 1.96 12.65 1.07 0.58 7.22

5 1.97 4.28 19.36 48.6 0.79 0.88 2.36 13.9 0.88 0.49 6.49

Average 1.74 4.72 17.80 49.11 0.97 0.92 2.47 13.12 1.11 0.54 7.50

STD 0.21 0.33 1.31 1.34 0.27 0.06 0.65 0.67 0.50 0.05 0.90

EA.2006.82.6

1 1.5 4.36 13.35 57.81 1.32 1.88 1.91 9.14 1.61 0.18 6.93

2 1.63 5.01 13.62 48.01 2.53 4.43 2.33 11.87 1.57 0.36 8.64

3 1.37 4.27 12.96 55.72 1.59 3.22 2.14 10.73 0.86 0.21 6.93

4 1.92 3.82 13.56 57.69 1.7 1.46 2.14 10.52 0.92 0 6.27

5 1.84 3.71 15.77 50.2 1.29 2.47 2.17 13.92 1.15 0.17 7.3

Average 1.65 4.23 13.85 53.89 1.69 2.69 2.14 11.24 1.22 0.18 7.21

STD 0.23 0.52 1.10 4.51 0.50 1.18 0.15 1.79 0.35 0.13 0.88

EA.2006.82.9

1 0.92 5.36 12.91 40.32 1.33 11.08 1.36 17.35 1.67 0.39 7.32

2 0.93 3.8 12.56 50.32 0.88 7.78 1.14 15.38 0.83 0.43 5.94

3 1.57 4.84 14.84 50.71 1.01 1.81 1.23 15.18 1.06 - 7.75

4 0.77 3.95 13.35 49.91 1.05 3.62 1.89 17.82 0.85 - 6.67

5 1.31 3.78 17.49 50.19 0.8 1.79 1.87 14.38 1.01 - 7.38

Average 1.10 4.35 14.23 48.29 1.01 5.22 1.50 16.02 1.08 0.41 7.01

STD 0.33 0.72 2.02 4.46 0.20 4.09 0.36 1.48 0.34 0.03 0.71

EA.2006.82.10

1 0.72 4.64 13.62 44.58 1.02 9.64 1.74 15.36 1.05 0.52 7.1

2 1.19 2.78 14.19 53.7 - 7.4 5 10.62 0.49 0.28 4.35

3 0.57 5.07 12.43 58.31 - 6.19 1.58 9.19 0.71 0.47 5.47

4 1.33 4.39 15.61 52.65 0.7 3.14 2.45 12 0.84 0.4 6.33

5 1.42 4.69 15.47 49.06 0.73 6.48 1.66 12.33 1.07 0.28 6.82

Average 1.05 4.31 14.26 51.66 0.82 6.57 2.49 11.90 0.83 0.39 6.01

STD 0.38 0.89 1.33 5.15 0.18 2.35 1.45 2.30 0.24 0.11 1.12

EA.2006.82.11

1 1.73 4.09 12.32 47.33 0.78 7.86 1.8 16.08 0.83 1.46 5.55

2 1.4 5.36 14.13 44.53 1.01 3.94 3.14 15.58 1.19 1.77 7.96

3 1.15 8.94 13.8 50.97 0.73 1.41 2.12 9.69 0.77 0.59 9.85

4 0.83 4.07 9.14 57.28 0.92 2.93 1.63 14.17 1.51 0.89 6.62

5 1.39 4.41 11.69 51.29 0.78 2.78 1.17 17.94 0.75 0.21 7.58

Average 1.30 5.37 12.22 50.28 0.84 3.78 1.97 14.69 1.01 0.98 7.51

STD 0.33 2.06 2.00 4.80 0.12 2.45 0.74 3.10 0.33 0.63 1.61

Calcareous Clay (wt.% oxides of the element)
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Wodzinska et al. (2009) noted that Nile silt clay (non–calcareous and rich in silica) when 

fired at high temperatures displays a dark red/brown surface with a black core, indicative of 

inclusions such as glass fragments and ash in the raw material (29). The high silica and low calcium 

oxide content of ceramic samples EA.2006.82.8-14, could therefore allude to the use of Nile silt 

clay for their production. The averages of Nile silt clay (taken from Shortland et al. (2006) are 

comparable to those in Group II (1). The difference between the compositions of Nile silt clays 

reported and the sherds in Group II is the higher Fe and lower Na content. For sample 

Mal 77a

1 0.78 6.63 10.84 43.68 1.37 3.49 1.41 25.37 0.73 0.40 5.30

2 1.01 5.79 12.08 44.18 0.72 0.77 1.66 27.64 0.66 0.60 4.90

3 0.83 6.50 10.40 48.37 - - 1.38 26.40 0.82 0.15 5.14

4 1.05 5.52 10.39 44.68 - - 1.07 31.81 0.65 - 4.83

5 0.99 7.90 10.44 40.43 - - - 33.39 0.90 0.42 5.52

Average 0.93 6.47 10.83 44.27 1.05 2.13 1.38 28.92 0.75 0.39 5.14

STD 0.12 0.93 0.72 2.83 0.46 1.92 0.24 3.50 0.11 0.19 0.28

Mal 77b

1 3.19 3.58 18.37 46.59 - - 1.09 20.89 0.85 0.42 5.02

2 2.43 4.74 13.17 45.01 0.77 0.99 1.76 22.54 0.81 0.55 7.23

3 2.29 4.43 14.45 49.00 0.65 1.05 2.55 19.41 0.69 0.35 5.14

4 2.44 3.71 14.85 40.99 0.87 1.80 1.33 27.47 0.74 0.37 5.43

5 1.05 3.51 10.94 51.84 1.36 0.98 0.53 23.88 0.59 0.30 5.02

Average 2.28 3.99 14.36 46.69 0.91 1.21 1.45 22.84 0.74 0.40 5.57

STD 0.77 0.56 2.71 4.10 0.31 0.40 0.76 3.09 0.10 0.10 0.94

Mal 77c

1 2.50 4.83 12.25 41.65 1.03 10.42 2.44 16.92 0.96 0.57 6.43

2 1.75 5.63 11.22 39.20 0.71 11.60 1.25 21.13 0.83 0.64 6.04

3 5.03 6.37 14.14 47.90 - - - 18.74 1.15 0.14 6.52

4 2.96 5.87 13.72 44.27 - 8.19 1.10 17.44 0.74 0.41 5.29

5 2.96 7.21 14.83 48.83 - - 1.26 17.01 0.77 0.14 6.99

Average 3.04 5.98 13.23 44.37 0.87 10.07 1.51 18.25 0.89 0.38 6.25

STD 1.22 0.88 1.47 4.08 0.23 1.73 0.62 1.77 0.17 0.23 0.64

Mal 77d

1 2.73 5.00 15.20 47.35 - - 1.52 21.71 0.65 0.22 5.61

2 1.26 5.05 13.08 46.55 - - 1.84 25.66 0.60 0.26 5.69

3 1.86 5.09 14.57 41.64 - - 1.48 27.85 0.88 0.28 6.36

4 1.39 4.55 14.88 45.25 - - 4.09 23.80 0.59 0.21 5.23

5 1.22 5.29 13.40 43.20 0.70 1.49 1.50 25.48 0.96 0.30 6.48

Average 1.69 5.00 14.23 44.80 - - 2.09 24.90 0.74 0.25 5.87

STD 0.63 0.27 0.93 2.36 - - 1.13 2.29 0.17 0.04 0.53

Mal 77e

1 3.27 4.22 13.44 48.66 3.06 3.02 2.06 15.32 1.06 - 5.90

2 2.54 4.65 13.74 46.72 2.98 2.74 2.08 16.41 1.00 0.29 6.86

3 2.43 3.94 11.95 50.24 3.35 2.22 1.72 17.35 1.17 - 5.63

4 2.52 4.35 11.96 47.36 2.86 2.56 1.32 21.23 0.96 - 4.87

5 2.00 9.25 10.64 52.20 2.86 1.85 1.66 14.48 0.60 0.22 4.22

Average 2.55 5.28 12.35 49.04 3.02 2.48 1.77 16.96 0.96 0.26 5.50

STD 0.46 2.23 1.26 2.22 0.20 0.46 0.32 2.62 0.22 0.05 1.01

Mal 77f

1 1.82 4.34 11.60 48.71 1.56 7.40 2.20 15.63 0.88 0.55 5.32

2 2.51 3.14 17.66 53.34 1.85 0.80 2.93 5.63 2.01 - 10.15

3 2.51 4.33 12.87 48.34 1.68 5.92 2.10 15.09 1.26 0.45 5.47

4 1.99 4.36 13.34 52.69 1.78 1.14 1.35 15.96 0.77 - 6.63

5 1.29 5.25 12.28 46.41 1.98 4.49 1.55 19.13 0.87 0.35 6.40

Average 2.02 4.28 13.55 49.90 1.77 3.95 2.03 14.29 1.16 0.45 6.79

STD 0.51 0.75 2.39 2.99 0.16 2.91 0.62 5.09 0.51 0.10 1.96

Shortland et al* 2.90 4.50 13.00 54.30 - 0.40 1.70 14.10 1.70 0.10 7.50
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EA.2006.82.12, four spots were analyzed due to the interference of a rich calcium sulfate aggregate 

in last area analyzed and was not accounted for in the average composition for that sample. 

Table 3. Chemical composition of ceramic body from non – calcareous Malqata samples, analyzed via SEM-EDS 

and expressed in wt.% oxide of the element (*Analyses from Shortland et al. (2006) 

 
 

The temper in the ceramics is composed of inclusions of quartz (SiO2), Alkali feldspars 

(K,Na)[AlSi3O8] and phyllosilicates (sheet silicates). The most common mineral throughout all 

samples is quartz with an average grain size of about 160 µm, followed by phyllosilicates. Smaller 

quartz particles in the ceramic body (~10 µm) are attributed to the clay matrix which also contains 

small grains (5 to 40µm) of various minerals including micas and chlorites. Backscattered electron 

micrographs of the ceramic body show the formation of intergranular bridges, diffuse porosity 

(Figure 6A) and partial melting of the fine clay fraction, indicating the onset of vitrification, which 

occurs at high-temperature firing, above 850°C (Figure 6B). In the clay matrix, smaller inclusions 

such as zircon, iron titanium oxides, specifically rutile and ilmenite (~2 µm) are visible (Figure 

Collection: Sample ID

Malqata: EA.2006.82.8 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO

1 3.66 3.68 14.57 56.61 0.00 - 3.97 7.30 1.11 0.34 8.75

2 2.15 2.55 13.87 63.59 1.02 1.22 2.39 4.17 1.30 0.14 7.60

3 1.98 3.26 17.60 58.99 0.00 - 2.21 4.69 1.51 - 9.77

4 2.62 3.14 18.98 55.67 2.07 - 2.91 4.46 1.52 0.16 8.47

5 2.48 2.80 18.86 58.57 0.00 - 2.44 4.29 1.20 0.16 9.20

Average 2.58 3.09 16.78 58.69 0.62 - 2.78 4.98 1.33 0.20 8.76

STD 0.66 0.43 2.41 3.06 0.92 - 0.71 1.31 0.18 0.09 0.81

EA.2006.82.12

1 2.90 2.84 16.82 58.50 1.17 1.45 3.22 4.67 0.89 0.23 7.31

2 1.86 3.07 16.14 59.44 1.18 0.63 2.53 3.51 1.90 0.11 9.62

3 1.96 2.94 16.14 60.56 0.92 0.58 2.12 3.97 1.53 - 9.29

4 2.44 3.29 19.24 53.50 1.07 0.00 2.42 4.34 2.48 0.27 10.95

Average 2.29 3.04 17.09 58.00 1.09 0.67 2.57 4.12 1.70 0.20 9.29

STD 0.48 0.19 1.47 3.12 0.12 0.60 0.47 0.50 0.67 0.08 1.50

EA.2006.82.13

1 2.71 4.11 16.63 55.29 - - - 9.68 1.67 0.71 9.07

2 2.45 3.99 18.64 57.65 - - - 3.73 1.84 0.40 11.29

3 2.43 4.33 18.42 55.24 - - - 7.60 1.23 0.66 10.02

4 2.14 3.72 19.83 62.02 - - - - 1.29 0.41 10.54

5 2.03 4.20 18.22 52.97 2.43 - - 7.70 1.68 0.61 10.12

Average 2.35 4.07 18.35 56.63 - - - 7.18 1.54 0.56 10.21

STD 0.27 0.23 1.15 3.44 - - - 2.49 0.27 0.14 0.81

EA.2006.82.14

1 2.35 3.90 18.43 51.38 - - 2.81 7.03 2.50 0.45 11.16

2 2.10 3.28 16.60 46.02 2.16 8.90 3.13 6.86 1.68 0.33 8.94

3 2.10 2.79 17.13 58.57 1.22 2.76 1.72 3.02 1.76 0.23 8.68

4 2.04 3.92 20.42 54.78 - - 3.03 3.07 1.79 0.35 10.61

5 2.41 3.74 15.52 46.56 1.99 7.91 2.84 5.83 1.97 0.41 10.82

Average 2.20 3.53 17.62 51.46 1.79 6.52 2.71 5.16 1.94 0.35 10.04

STD 0.17 0.49 1.88 5.37 0.50 3.30 0.57 1.99 0.33 0.08 1.15

Shortland et al* 2.80 3.10 15.40 61.80 - 0.50 2.50 4.10 1.50 0.10 8.20

Nile Silt Clay: PAL 6A* 1.6 3.4 14.2 59.7 - - 1.2 5.2 2.8 - 12

Nile Silt Clay: PAL 13A* 1.1 3.1 15.8 62.8 - - 1 3.3 1.7 - 11.2

Non - Calcareous Clay (wt.% oxides of the element)
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6F).  Five powdered samples taken from selected sherds within the Met collection were analyzed 

via XRD to identify the various phases and infer firing temperatures. XRD data showed no 

differences in the phases regardless of the type of clay body. Minerals present are quartz, albite 

(Na(Si3Al)O8, rutile (TiO2), haematite (-Fe2O3) and diopside (CaMg(Si2O6)) which is indicative 

of an estimated firing temperature between 850°C and 1050°C (20, 30).  
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Figure 6. Backscattered electron (BSE) micrographs of the ceramic body: A) a representative section of microstructure 

and high porosity in the ceramic body (Malqata: Mal77b); B) Onset of vitrification of the matrix is evident (Malqata: 

Mal77b); C) Separation of layers in the phyllosilicates, mica (M) with corresponding SEM - EDS data C1 and Quartz 

(Q) (Malqata: Mal77c); D) Fragment of siliceous microfossil (S) (Malqata: EA.2006.82.12); E) Particle of marly 

limestone with corresponding SEM- EDS data E1 (Malqata: EA.2006.82.10); F) Accessory mineral ilmenite (I) with 

associated SEM-EDS (F1) (Malqata: EA.2006.82.8). 

4.1.2 Slip 

A slip is defined as a clay coating applied to the surface before firing, similar to a wash 

that is applied after firing (29) and is describe by Shortland et al. (2006) as a fine clay, compared 

to the clay body (1). This slip with a whitish color was only present on the ceramics using the Nile 
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silt non-calcareous clay for the clay matrix in the ceramic body as previously described by 

Shortland et al.(1). The slip outlined by yellow dotted lines in Figure 7 was only found on 

fragments EA.2006.82.8 and EA.2006.82.12 from Malqata and is texturally different from the 

ceramic body. 

 
Figure 7.  Backscattered electron (BSE) micrographs of A. Malqata: EA.2006.82.8 and B. Malqata: EA. 2006.82.12 

showing the slip marked by a yellow dotted line. 

 

XRF analysis of the whitish slip shows photon emissions characteristic of the elements Al, 

Si, S, K, Ca, Ti, Mn and Fe. XRD analysis of these phases pointed to the presence of gypsum and 

anhydrite. In cross sectional view, the slip appears as a continuous layer of about 70 µm thickness. 

This layer contains fine grains of quartz, feldspar, titanium and iron oxides, ranging from 10µm to 

30µm in size. SEM-EDS data indicated that the slip composition in both samples is richer in 

calcium (Ca) and sulfur (S) (Table 4) compared to the ceramic body. Though gypsum may have 

been originally deliberately added in the clay slip to render it whiter, and considering that the 

CaO:SO3 ratio in gypsum and anhydrite is 0.7, the excess of calcium in the slip (Table 4) could be 

explained by the use of a calcareous clay. The high iron (Fe) content in the slip could derive from 

the underlying Fe-rich ceramic body layer and impurities in the clay. 
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Table 4. Chemical composition via SEM-EDS of the slip from two Malqata samples, expressed as wt.%. oxides of 

the element. 

 

4.1.3 Cobalt Blue Pigment 

4.1.3.1 Composition and Chemical Structure 

XRF analysis of the Malqata blue pigmented sherds identified the presence of Al, S, K, Ca, 

Ti, Mn, Fe, Co, Ni and Zn. The bivariate plots in Figure 8 show a linear relationship between Ni 

and Co, when normalized with Fe suggesting a similar source of raw materials for the production 

of the blue pigments.  These data are consistent with those reported by Shortland et al. (2006) 

pointing to the use of the cobaltiferous alums from the western Oases (5). 

 

Figure 8. Bivariate plot of the relationship between Ni and Co, normalized with Fe. 

  

Collection: Sample ID

Malqata: EA.2006.82.8 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO

1 0.93 3.38 11.24 26.98 - 22.61 - 29.69 0.48 0.47 4.22

2 0.7 3.06 9.72 26.73 - 25.01 0.91 28.77 0.51 0.44 4.15

3 1.65 3.2 11.42 37.24 - 15.63 2.33 19.95 1.01 0.39 7.18

4 1.23 3.79 12.09 34.34 - 17.95 - 24.04 0.63 0.42 5.52

5 1.33 3.74 12.13 32.66 - 18.19 - 25.76 0.62 0.42 5.14

Average 1.17 3.43 11.32 31.59 - 19.88 1.62 25.64 0.65 0.43 5.24

STD 0.37 0.32 0.98 4.62 - 3.82 1.00 3.91 0.21 0.03 1.23

Malqata: EA.2006.82.12

1 1.07 3.04 11.01 32.85 0.72 20.3 1.2 25 0.47 0.3 4.04

2 0.82 4.32 9.88 26.64 0.67 22.13 0.9 26.44 2.14 0.38 5.48

3 0.79 3.6 9.36 37.06 0.81 17.3 1.38 24.13 0.48 0.31 4.78

4 0.93 3.58 11.83 35.01 0.7 14.97 0.95 26.12 0.69 0.28 4.96

5 0.73 3.72 10.98 32.22 0.7 18.53 0.86 26.34 0.66 0.28 4.99

Average 0.87 3.65 10.61 32.76 0.72 18.65 1.06 25.61 0.89 0.31 4.85

STD 0.13 0.46 0.98 3.91 0.05 2.75 0.22 1.01 0.71 0.04 0.52

Shortland et al* 4.10 4.80 13.50 37.00 - 10.90 1.10 21.80 1.00 0.30 5.30

wt.% oxides of the element
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The blue paint layers show comparable morphology and their elemental composition determined 

with SEM- EDS (Table 5 and Table 6) is consistent with the  XRF qualitative analysis.  

Table 5. Chemical composition of the blue layers on the Amarna sherds expressed as the wt.% oxide of the element, 

analyzed by SEM-EDS. 

 

The chemical composition of the Malqata samples of the blue layer is shown in Table 6, except 

for Malqata sample EA.2006.82.14, as it was too weathered for analyses. In the Amarna sample 

set (Table 5), samples UC24639 and UC24557 show higher Zn content compared to Co. A similar 

trend is also observed for the Malqata samples (Table 6), with Mal 77c, showing a Zn content of 

almost three times that of Co, a result closer to the levels measured by Shortland et al. (2006) for 

Amarna samples (Table 6). At sintering temperatures for the production of CoAl-spinel, the ZnAl-

spinel gahnite or ZnCo-spinel could also be formed, though as with cobalt and magnesium, other 

Zn-rich phases could also be present.   

 

 

 

 

Collection: Sample ID

Amarna: UC24630 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO MnO FeO CoO NiO ZnO

1 1.19 4.41 53.89 22.74 1.05 2.96 1.01 2.32 - 0.70 2.44 2.36 1.66 3.26

2 1.51 4.01 50.88 22.96 1.09 3.57 1.44 4.00 0.28 0.74 3.21 2.16 1.55 2.62

3 1.04 4.65 65.77 10.44 1.15 3.28 0.65 0.94 - 0.83 2.13 2.98 2.18 3.95

4 1.15 4.45 54.16 19.67 1.00 3.59 1.20 3.47 0.40 0.65 3.25 2.44 1.57 2.99

5 1.65 4.59 61.40 15.11 1.06 1.90 0.91 1.80 0.20 0.86 2.23 2.74 1.83 3.71

Average 1.31 4.42 57.22 18.18 1.07 3.06 1.04 2.51 0.29 0.76 2.65 2.54 1.76 3.31

STD 0.26 0.25 6.15 5.37 0.06 0.70 0.30 1.24 0.10 0.09 0.54 0.32 0.26 0.54

Amarna:UC24639

1 1.25 6.71 62.17 10.06 0.20 2.04 0.35 1.59 - 1.49 1.56 3.89 2.70 5.99

2 1.17 4.34 59.65 9.24 - 3.27 0.39 1.83 - 1.65 1.49 4.36 4.02 8.58

3 1.14 6.84 60.24 9.09 - 3.83 0.41 1.03 - 1.93 1.37 4.31 3.09 6.73

4 1.31 6.13 61.69 9.74 - 4.17 0.45 1.32 - 1.51 1.24 3.60 2.85 5.99

5 1.49 5.99 62.06 10.18 - 2.99 0.48 1.57 - 1.41 1.36 3.63 2.69 6.14

Average 1.27 6.00 61.16 9.66 - 3.26 0.42 1.47 - 1.60 1.40 3.96 3.07 6.69

STD 0.14 1.00 1.14 0.48 - 0.82 0.05 0.30 - 0.20 0.12 0.36 0.56 1.10

Amarna: UC24557 

1 2.76 6.46 58.53 11.51 0.73 2.78 0.42 0.88 0.18 1.5 1.55 3.81 2.92 5.98

2 2.81 6.22 56.39 13.58 0.89 3.1 0.73 1.45 - 1.43 1.97 3.32 2.59 5.51

3 2.82 6.18 55.76 14.35 0.81 2.58 0.95 1.07 0.16 1.35 1.96 3.51 2.74 5.77

4 2.83 6.64 57.42 11.71 0.91 2.71 0.37 1.74 - 1.66 1.81 3.56 2.81 5.82

5 2.29 5.79 60.05 11.42 0.67 2.56 0.53 0.92 - 1.31 1.52 3.6 2.89 6.46

Average 2.70 6.26 57.63 12.51 0.80 2.75 0.60 1.21 0.17 1.45 1.76 3.56 2.79 5.91

STD 0.23 0.32 1.71 1.36 0.10 0.22 0.24 0.37 0.01 0.14 0.22 0.18 0.13 0.35

Shortland et al. Amarna 0.91 6.93 50.81 9.78 - - 0.60 11.30 - 1.02 3.70 2.94 2.37 9.43

wt.% oxides of the element
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Table 6. Chemical composition of the blue paint layers on the Malqata sherds expressed as the wt.% oxide of the 

element, analyzed by SEM-EDS. 

 

Collection: Sample ID

Malqata: EA.2006.82.6 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO MnO FeO CoO NiO ZnO

1 1.86 6.6 35.77 31.65 1.07 2.19 2.26 3.31 0.58 1.16 5.16 2.75 1.91 3.72

2 1.37 10.5 15.62 45.35 1.41 5.66 2.04 10.35 0.61 0.59 4.16 0.68 0.55 1.1

3 1.19 7.65 50.01 9.09 1.02 7.88 0.27 6.23 0 1.62 1.46 4.21 3.31 6.06

4 1.15 9.68 27.46 34.68 1.15 5.26 1.08 8.5 0.19 1.02 2.79 2.14 1.64 3.26

5 0.98 11.6 11.37 38.99 4.7 9.83 1.27 16.2 0.34 0.47 3.65 - - 0.6

Average 1.31 9.21 - - 1.87 6.16 1.38 - 0.34 0.97 3.44 2.45 1.85 2.95

STD 0.34 2.05 - - 1.59 2.88 0.80 - 0.26 0.46 1.40 1.46 1.14 2.20

Malqata: EA.2006.82.8

1 0.68 2.72 11.83 66.28 0.77 7.7 0.68 6.21 - 0.98 0.95 0.4 0.32 0.49

2 0.96 7.78 31.93 11.2 - 21.79 1.19 17.48 - 2.25 2.2 1.05 0.77 1.4

3 1.18 10.33 42.72 7.94 1.39 14.21 0.73 11.5 0.23 2.91 2.53 1.5 0.97 1.88

4 0.84 10.42 39.08 4.68 1.11 19.57 0.52 14.7 - 2.72 2.34 1.41 0.85 1.77

5 1.03 10.1 43.46 6.24 1.03 15.66 0.66 12.05 - 3.03 2.38 1.49 0.82 2.05

Average 0.94 8.27 33.80 - 1.08 15.79 0.76 12.39 - 2.38 2.08 1.17 0.75 1.52

STD 0.19 3.29 13.10 - 0.26 5.44 0.25 4.19 - 0.84 0.64 0.47 0.25 0.62

Malqata: EA.2006.82.9

1 1.28 5.02 56.12 7.29 - - - 12.39 - 1.19 1.8 5.22 3.32 6.36

2 0.98 4.63 49.71 11.37 1.38 4.63 0.37 11.51 - 1.03 1.95 4.23 2.63 5.57

3 0.92 3.59 40.51 6.27 - 16.1 - 16.68 - 1.04 1.84 4.47 2.84 5.74

4 0.89 3 36.57 3.17 - 21.74 - 21.06 - 0.85 1.33 3.94 2.52 4.93

5 1.03 5.09 12.11 36.1 1.46 16.54 1.6 19.6 0.46 0.52 5.48 - - -

Average 1.02 4.27 - - 1.42 14.75 0.99 - 0.46 0.93 2.48 4.47 2.83 5.65

STD 0.16 0.93 - - 0.06 7.22 0.87 - 0.00 0.26 1.69 0.55 0.35 0.59

Malqata: EA.2006.82.10

1 0.73 3.05 39.45 7.06 0 21.5 0.24 17.17 - 0.69 1.38 2.97 1.98 3.78

2 0.95 3.89 45.58 6.12 0.49 15.06 0.21 13.81 - 0.9 1.4 4.09 2.55 4.96

3 0.97 3.76 53.42 6.57 0 5.97 0.27 16.59 - 0.8 1.25 3.95 2.06 4.39

4 1.07 5.03 55.17 6.51 0.55 6.59 0.27 8.79 - 1.16 1.59 4.62 2.79 5.87

5 1.04 4.8 48.13 13.64 0.24 4.6 0.54 11.76 0.15 0.93 2.01 4.25 2.65 5.28

Average 0.95 4.11 - 7.98 0.26 10.74 0.31 13.62 - 0.90 1.53 3.98 2.41 4.86

STD 0.13 0.81 - 3.18 0.26 7.28 0.13 3.47 - 0.18 0.30 0.62 0.36 0.81

Malqata: EA.2006.82.11

1 1.39 6.93 39.93 20.24 1.12 8.8 1.26 9.03 0.32 3.05 2.4 2.01 1.11 2.4

2 1.59 6.77 52.42 3.56 1.03 13.62 0.47 7.37 0 3.91 1.01 3.03 1.79 3.57

3 1.79 6.43 52.37 4.12 0.84 13.28 0.54 7.04 0 4.26 1.14 3.01 1.56 3.63

4 1.57 6.54 53.79 4.16 0.97 12.68 0.54 6.65 0 4.11 1.17 2.72 1.68 3.41

5 1.68 5.72 48.53 3.46 0.71 16.81 0.45 9.29 0 4.34 0.96 2.85 1.56 3.64

Average 1.60 6.48 49.41 - 0.93 13.04 0.65 7.88 0.06 3.93 1.34 2.72 1.54 3.33

STD 0.15 0.47 5.65 - 0.16 2.86 0.34 1.20 0.14 0.52 0.60 0.42 0.26 0.53

Malqata: EA.2006.82.12

1 1.24 7.65 55.42 9.96 - - - 13.96 - 3.6 2.92 1.87 1.23 2.17

2 0.92 8.35 43.9 8.88 1.57 12.58 0.59 12.19 - 2.6 3.24 1.66 1.22 2.3

3 0.63 8.57 37.28 5.6 1.34 20.39 0.29 16.47 0.19 2.39 2.82 1.42 0.88 1.72

4 0 10.74 52.19 11.03 - - - 13.48 - 3.31 3.45 1.95 1.38 2.48

5 0.62 9.27 47.89 12.11 - - - 17.89 - 3.66 2.9 1.92 1.25 2.5

Average 0.68 8.92 47.34 9.52 1.46 16.49 0.44 14.80 - 3.11 3.07 1.76 1.19 2.23

STD 0.46 1.17 7.11 2.50 0.16 5.52 0.21 2.32 - 0.58 0.27 0.22 0.19 0.32

Malqata: EA.2006.82.13

1 1.52 7.36 49.68 11.85 - - - 14.56 0.46 2.07 6.26 2.27 1.28 2.68

2 1.2 7.24 42.99 12.87 2 9.42 0.58 11.11 0.66 1.55 5.25 1.88 1.14 2.1

3 1.14 6.48 40.51 10.37 1.79 13.79 0.56 12.94 0 1.78 4.93 2.11 1.21 2.38

4 1.29 6.6 37.69 10.47 2.97 16.5 0.75 13.39 0 1.4 4.31 1.58 0.98 2.09

5 1.08 6.26 40.72 12.71 1.86 12.3 0.74 13.44 0 1.51 4.8 1.67 0.94 1.95

Average 1.25 6.79 42.32 11.65 2.16 13.00 0.66 13.09 0.22 1.66 5.11 1.90 1.11 2.24

STD 0.17 0.48 4.52 1.19 0.55 2.95 0.10 1.26 0.31 0.27 0.73 0.29 0.15 0.29

wt.% oxides of the element



 

 34 

 
 

The ternary plot of Ni, Zn and Co  (wt.% oxides normalized to 1), three major elements in the 

alum from the Dakhla and Kahrga Oasis (31), shown in Figure 9 are compared amongst both 

Malqata and Amarna samples, except for Malqata sample EA.2006.82.14. The linear correlation 

between Co and Ni indicates that these two elements vary in the same proportions with a change 

in the Zn content suggesting a similar source for the alum with various concentrations of Co-Ni. 

The Zn in the alum deposit may have gone through an enrichment processes as well, though the 

possibility of different sources cannot be excluded. 

 

Malqata: Mal 77a

1 0.93 13.89 41.96 21.87 - - - 12.46 0.19 0.66 2.11 2.73 1.89 1.32

2 - 7.69 57.38 8.5 - - - 12.23 - 1.21 1.2 5.86 3.21 2.72

3 0.84 8.74 44.58 13.09 3.96 3.95 0.7 12.66 0.51 0.73 1.63 4.03 2.42 2.19

4 1.8 7.24 35.94 34.8 - - 2.52 7.84 0.33 0.78 3.65 2.4 1.6 1.11

5 1.55 11.46 12.79 47.03 - - 2.07 19.2 0.38 0.59 4.03 0.6 0.29 -

Average 1.28 9.80 - 25.06 - - 1.76 12.88 0.35 0.79 2.52 3.12 1.88 1.84

STD 0.47 2.81 - 15.85 - - 0.95 4.06 0.13 0.24 1.25 1.96 1.08 0.75

Malqata: Mal 77b

1 2.43 3.97 53.51 17.28 - - - 9.95 0.17 1.39 3.39 3.14 1.53 3.23

2 2.21 3.2 49.6 13.2 1.22 10.51 0.64 8.02 - 1.22 2.47 2.93 1.33 3.44

3 3.2 3.64 51.58 12.4 1.6 5.19 0.48 10.49 - 1.16 2.44 1.79 3.2 3.24

4 1.62 3.54 51.59 14.72 1.42 4.94 0.47 8.6 - 1.39 3.92 3.02 1.5 3.26

5 1.64 3.8 51.77 15.12 1.53 5.64 0.56 5.57 - 1.37 4.43 3.25 1.64 3.68

Average 2.22 3.63 51.61 14.54 1.44 6.57 0.54 8.53 - 1.31 3.33 2.83 1.84 3.37

STD 0.65 0.29 1.39 1.89 0.17 2.64 0.08 1.93 - 0.11 0.88 0.59 0.77 0.19

Malqata: Mal 77c

1 2.35 5.58 62.69 3.79 1.16 2.84 0.22 2.34 - 1.18 0.94 3.47 2.6 10.84

2 2.15 5.81 61.92 4.65 1.11 2.7 0.14 3 - 1.22 1.1 3.49 2.5 10.2

3 3.39 8.6 61.27 6.2 - 3.08 - - - 1.44 1.32 3.56 2.62 8.52

4 2.31 6.66 65.04 4.48 - - - 2.09 - 1.29 1.08 3.72 2.51 10.82

5 2.27 5.58 63.62 2.8 1.29 2.9 0.14 2.79 - 1.18 0.84 3.53 2.42 10.65

Average 2.49 6.45 62.91 4.38 1.19 2.88 0.17 2.56 - 1.26 1.06 3.55 2.53 10.21

STD 0.51 1.28 1.48 1.25 0.09 0.16 0.05 0.41 - 0.11 0.18 0.10 0.08 0.98

Malqata: Mal 77d

1 2.21 1.99 60.69 7.03 5.69 3.85 0.25 3.19 - 0.75 1.36 3.77 2.07 7.14

2 - - 61.28 8.43 4.75 3.95 0.26 3.9 - 0.73 1.84 4.39 2.5 7.97

3 - - 60.72 7.91 4.86 4.05 0.31 3.83 - 0.87 1.77 4.55 2.52 8.61

4 - - 59.7 7.18 4.85 4.23 0.28 5.4 - 0.73 1.73 4.67 2.73 8.51

5 - - 60.33 6.09 5.17 4.65 0.23 6.32 - 0.76 1.85 4.19 2.37 8.06

Average - - 60.54 7.33 5.06 4.15 0.27 4.53 - 0.77 1.71 4.31 2.44 8.06

STD - - 0.58 0.89 0.38 0.31 0.03 1.29 - 0.06 0.20 0.35 0.24 0.58

Malqata: Mal 77e

1 3.93 3.64 29.91 23.01 3.88 9.34 0.86 14.74 0.37 1.05 2.8 1.52 1.08 3.89

2 - - 52.09 13.59 3.93 6.25 0.58 5.6 0.28 0.91 3.22 3.18 2.41 7.96

3 2.24 4.07 37.35 25.9 3.94 4.38 0.71 8.93 0.3 0.91 3.07 2.08 1.36 4.76

4 2.3 3.21 45.92 20.27 4.05 3.97 0.79 4.74 0.28 0.97 1.92 2.65 2.01 6.92

5 2.38 3.83 46.17 18.88 3.75 4.18 0.74 5.24 0.28 0.8 1.96 2.77 2.09 6.92

Average 2.71 3.69 42.29 20.33 3.91 5.62 0.74 7.85 0.30 0.93 2.59 2.44 1.79 6.09

STD 0.81 0.36 8.69 4.63 0.11 2.27 0.10 4.19 0.04 0.09 0.62 0.65 0.55 1.69

Malqata: Mal 77f

1 2.08 4.01 49.71 11.16 2.78 6.51 0.8 11.76 - 0.97 1.24 2.06 1.37 5.56

2 1.68 5.8 48.08 15.23 2.1 3.11 0.86 10.94 - 1.01 1.63 2.42 1.38 5.76

3 1.84 5.56 50.35 12.52 2.32 3.25 0.84 10.62 - 1.1 1.43 2.59 1.44 6.13

4 1.31 5.09 51.09 11.81 2.89 4.16 0.37 11.09 - 1.1 1.21 2.28 1.71 5.88

5 1.64 6.75 42.47 18.06 2.43 4.47 0.8 12.45 0.21 0.95 1.89 2.01 1.12 4.74

Average 1.71 5.44 48.34 13.76 2.50 4.30 0.73 11.37 - 1.03 1.48 2.27 1.40 5.61

STD 0.28 1.00 3.46 2.86 0.33 1.36 0.21 0.73 - 0.07 0.28 0.24 0.21 0.53
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Figure 9. Ternary plot of ZnO, NiO and CoO (wt.% oxides normalized to 1) for blue paint samples taken on ceramics 

from Amarna and Malqata and analyzed with SEM-EDS, compared to data published by Shortland et al. (2006). (1) 

 

Further analyses of the blue paint layer of archaeological samples were conducted using 

synchrotron-radiation (SR)-X-ray based techniques: XRF for elemental mapping, X-ray 

Absorption Near Edge Spectroscopy (XANES) for the identification of the oxidation state, 

coordination, and spin state of the probed elements and Extended X-ray Absorption Fine Structure 

(EXAFS) to obtain information on the local structural information for the atom in question.  

Synchrotron-based XRF mapping shows consistent results to previous analyses using XRF 

and SEM-EDS with the emission of characteristic X-rays for Co and Zn as the two major elements 

(together with Mg) in the blue paint layer (Figure 10).  
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Figure 10. Backscattered (BSE) micrographs of Amarna samples: A. UC24639, B. UC24557 and C. UC24630 with 

corresponding synchrotron radiation source (SRS) XRF maps (D, E and F respectively) indicating the distribution of 

Co (red), Ca (green) and Fe (blue). G, H and I illustrate the concentration and distribution of Zn in each of the 

samples.  

 

XANES analysis of the blue pigment (Figure 11) in the Amarna samples probed at Co K-edge 

energy indicated the electronic structure of Co-spinels, where the cobalt is in the tetrahedral 

position carrying a 2+ charge (7720 eV), and also in octahedral position carrying a 3+ charge (7740 

eV). 

 
Figure 11. XANES at the Co-edge of CoAl2O4 for Amarna samples: UC24639, UC24557 and UC24630. 
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Local structures surrounding the Co site were obtained from EXAFS. Results from the Fourier 

Transformed EXAFS measurements (Figure 12) showed that the first two samples (Amarna: 

UC24639 and UC24557) show a similar electronic structure, whereas, the Amarna sample 

UC24630 is slightly different. This suggests that there is a structural change, perhaps some 

distortion in the spinel lattice of Amarna sample UC24630. For all samples, the first peak (~ 1.5Å) 

is associated with Co-O distance with Co in the tetrahedral site, the second peak (~3Å) is slightly 

broader due to a distortion in the structure and is associated with the Co- next metal bond with the 

next metal in the tetrahedral site. The intensity of the peaks significantly drops (~5Å) and the 

amplitude decreases which indicates another structural change. This peak is associated with the 

substitution of a lighter element, such as Mg, in the spinel structure. This supports the hypothesis 

that other (than Co) Al-spinels may be present but this requires further investigation.  

 
Figure 12. Fourier transforms of Co-edge EXAFS showing Co-O bond and Co-NM (denotes next metal neighbor) 

Amarna samples: UC24639, UC24557 and UC24630. 
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4.1.3.2 Mineralogy and Microstructure 

All blue layers analyzed show a fine porous matrix that contains particles of quartz and 

feldspar (~18µm - 28µm), as well as titanium and iron oxides (<5µm). XRD data of the blue paint 

on the Malqata sherds are characterized by sharp peaks of gypsum and anhydrite, quartz and albite, 

as well as broad spinel peaks (Figure 13) indicative of a poorly crystalline material or very small 

crystallites (32). 

 
Figure 13. XRD patterns from the blue areas on the Malqata sherds indicating the presence of gypsum, anhydrite, 

quartz and spinel. 

 

Peak broadening coupled with the small lattice parameter range (8Å - 9Å) (33) of spinels 

makes it challenging to identify among  the various types of Al-spinels and given the bulk 

composition of the blue layer rich in Co, Zn, Mg and Ni, various Al-spinel phases may be present. 

To further characterize the spinels in the samples, the d–spacing of several crystallites (Table 7) 

identified in Amarna sample UC24557 and Malqata sample Mal 77b were calculated using the 

Fourier transform of the electron diffraction pattern (Figure 14 and Figure 15). This resulted in a 
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lattice parameter of 8.10 Å for both samples. This calculated lattice parameter is consistent with 

reported lattice parameter for CoAl-spinel  (34, 35). The lattice parameter for Co-Al was also 

compared to that of ZnAl-spinel. Results indicated a very small lattice parameter difference of 

0.04Å so the probability of ZnAl-spinel and other Al-spinel phases (of Mg and Ni) being present 

in the blue paint layer cannot be excluded.  

Table 7. Comparison between reported and calculated d-spacings of crystallites from Amarna sample UC24557 and 

Malqata samples Mal 77b  
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Figure 14.  A. spinel crystals in Amarna sample: UC24557 and B. corresponding diffraction pattern with labeled d-

spacing. 

 

 
Figure 15. A. spinel crystals in Malqata sample: Mal 77b and B. the corresponding diffraction pattern indicating the 

d -spacings.  

 

In general, the paint layers of the Amarna ceramic samples are better preserved, more regular 

and thicker (~ 64 - 111µm) than the irregular paint layers of the Malqata ceramic samples (~2-

5µm) (Figure 16). Therefore, accessory minerals are more abundant in the Amarna samples. 
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Figure 16. Comparison of paint layer thickness and continuity between A. Amarna and B. Malqata samples. 

 

A textural feature recurrent in all samples is the presence of small porous particles 

characterized by a dense rim enclosing a more porous core. These regions have variable shape 

ranging from rounded to angular, with equant and elongated particles as shown in Figure 17. The 

particles have similar composition to the paint layer and are surrounded by a fine paint matrix 

which acts as a binder. These porous particles, which resemble stacked discrete fragments of a 

reacted precursor material, vary significantly in size, from a few micrometers to almost 100 µm, 

often as a function of the thickness of the paint layer. These porous particles are therefore, more 

abundant and noticeable in the Amarna samples that show thicker blue paint layers than in the 

Malqata samples.  

 
Figure 17. Small porous particles found throughout all the samples exemplified by A. Amarna sample UC24630 and 

B. Malqata sample Mal 77b. 
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At high magnifications, the matrix shows a nanostructured network, too fine to be properly 

resolved with SEM (Figure 18). From the TEM images of the crystallites in the Amarna and 

Malqata samples (Figure 19), the following structural differences are evident between the two: (i) 

the average crystallite sizes are 10-20 nm and 10nm or less, respectively, and (ii) the Amarna 

crystallites are well distributed as individual crystals whereas the Malqata crystals are more 

clustered throughout the paint layer (Figure 19). 

 
Figure 18. High Magnification backscattered electron (BSE) micrographs of foam-like scaffolds in A. Malqata 

sample EA.2006.82.11 and B. Malqata sample EA.2006.82.14. 

 
Figure 19. TEM micrographs of Al - spinel crystallites in Amarna sample UC24557 (ABCD) and Malqata sample 

Mal 77b (ABCD). 
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Despite the differences in crystallite size and distribution, crystallites from both samples are 

enclosed by two amorphous phases. The amorphous phase outlined in black (Figure 20), is 

composed of carbon, indicating the epoxy mixture used in sample preparation. The remaining 

amorphous phase surrounding the crystal is of similar elemental composition to the paint layer 

(Table 5 and Table 6). 
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 Figure 20. First row: STEM micrograph of Amarna sample UC24557 (A) with corresponding STEM-EDS elemental 

maps and (B) spinel crystal surrounded by an amorphous region outline in black. Second row: STEM micrograph of 

Malqata sample Mal 77b (A) with corresponding STEM-EDS elemental maps and (B) spinel crystal surrounded by 

an amorphous region outline in black. 

   

The presence of an amorphous region enclosing the spinel crystals is further supported by the 

absence of calcium and silicon in the area of the crystals, as shown in Figure 20. 

4.1.4 Red and black paint decoration 

As mentioned before, the Malqata sherds are decorated with bands of red and black paint. 

Analysis with XRF showed that the black paint is composed mainly of Fe with minor contributions 

from Ca, S, Zn, Mn, Ni, Ti, K, S. The red paint contains Zn, Mn, Ti with Fe, Ca, S as major 

elements. In addition to the blue paint, red paint sampled in Mal 77b was analyzed using SEM-

EDS and identified as hematite (iron oxide – Fe2O3).  

4.1.5 Weathering layers 

A layer of gypsum crust is visible on some of the samples. For all the Malqata samples analyzed, 

the gypsum distribution is irregular from the surface of the paint and into the ceramic body and 
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varied as a function of the paint layer thickness. For the samples that has a residual paint layer (due 

to weathering), gypsum is observed on the surface and throughout the paint layer. In contrast to 

well preserved paint layers, gypsum is sparsely distributed throughout the layer. An exception to 

this trend is Malqata sample Mal 77c, in which the gypsum from the surface of the paint layer 

seeps into the ceramic body.  

4.1.6 Interface between the ceramic body and the cobalt blue paint layer 

The interface between the ceramic body and the paint layer was investigated to gain more 

insight into the application process of the paint onto the ceramic body since there have been no 

evidence of a binder present in samples from both collections. Specifically, this research aims to 

answer the following questions: 1. Was the unfired paint applied onto wet clay, dried then fired? 

2. Was the unfired paint applied on air dried clay then fired together? And 3. Was the unfired paint 

applied on pre-fired ceramic then re-fired (indicating two firing for the ceramic)? To address these 

questions, the microstructure and chemistry of both Amarna and Malqata samples, except for 

EA.2006.82.8 and EA.2006.82.12 (due to a slip being present), were investigated at the interface 

between the ceramic body and the paint layer. SEM-EDS analysis showed microstructural and 

chemical differences between the ceramic body and the paint layer. However, there was no 

evidence of a clearly delineated chemical and/or microstructural gradient. Higher resolution 

analyses were performed by STEM-EDS analysis on the Amarna sample (Figure 21) UC24577 

and the Malqata sample Mal 77b (Figure 22).  
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Figure 21. Amarna sample UC24557: A. Backscattered electron (BSE) micrograph, B. SEM micrograph indicating 

the section of the interface selected for FIB (C) (rotated 90º counterclockwise); D. STEM micrograph of the interface 

between the paint and the ceramic body with corresponding STEM-EDS elemental maps of Co (E), Ni (F), Zn (G), 

Mg (H), Al (I), Si (J) and Ca (K).  

 

 
Figure 22. Malqata sample Mal 77b: A and B. Backscattered electron (BSE) micrograph, C. SEM micrograph (rotated 

90º counterclockwise) of the interface between the ceramic body and paint layer selected for FIB(C), D. STEM Bright 

Field (BF) micrograph of the interface and the corresponding STEM-EDS elemental maps of Co (E), Ni (F), Zn (G), 

Mg (H), Al (I), Si (J) and Ca (K).  
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At the submicron scale, spherical crystallites different from the elongated crystallites of the 

paint were observed at the interface between the ceramic body and blue paint layer in the Malqata 

sample Mal 77b (Figure 23). 

Fourier transform images were analyzed to calculate the d-spacings of crystalline phases identified 

in the blue paint layer, the ceramic body and the interface. The crystallites in the blue paint layer 

at the interface where identified as cobalt spinel with a lattice parameter of 8.1 Å. This presents a 

similar challenge as mentioned with the XRD data regarding the difficulty in distinguishing Al-

spinels. Other crystallites in the ceramic body and the rounded particles in the interface could not 

be identified.  

 

 
Figure 23. A. STEM Bright Field (BF) micrograph of the interface; B. and C. Atomic resolution TEM micrographs of 

the interface indicating a crystal from the paint layer overlapping a crystal from the ceramic body, with corresponding 

diffraction pattern (D and E) from the ceramic body and paint layer respectively. 
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4.2 Discussion 

4.2.1 Composition, structure and technology inference of ancient cobalt blue 

The source of cobalt used to make blue painted ceramics from 18th dynasty Egypt have been 

suggested by previous research (2, 5) and the production technology of these ceramics have since 

been hypothesized (1, 5, 8, 9). Though there are iconographic differences amongst the 

archaeological sherds, the paint layers of the sherds are compositionally homogenous and are 

characterized by the same set of elements: Al, Mg, Ni, Co, Zn and Fe. The data from the 

archaeological samples, both from Amarna and Malqata, supports observations made in those 

previous works regarding the source of the raw materials and is exemplified by a linear correlation 

between Co and Ni, with a higher concentration of Zn, proportional to Co and Ni (Figure 9). In 

addition to the similar element sets, the blue paint layers show comparable mineralogy and 

microstructure. XRD analyses of the Amarna and Malqata sherds indicates the presence of several 

phases such as gypsum and spinel in the paint layer, later identified by Fourier transform TEM 

images as cobalt spinels with a lattice parameter of 8.1 Å (36). However, as mentioned earlier, 

other Al-spinel phases may be present. For example, it is possible that Zn spinel is present in the 

samples and due to its dark-bluish green color, would not have caused a major shift in color of the 

paint layer. The lattice parameter for ZnAl-spinel ranges from 8.062Å – 8.112Å, depending on the 

method of production of these spinels, and the calculated lattice parameter from the TEM 

diffraction data does not exclude nor account for ZnAl/ZnCo-spinels. Tian et al. (2008) described 

the nanoscale diffusion mechanism and ionic – exchange (Kirkendall effect) in ZnCo-spinel (37). 

It was observed that when Zn and Co oxides are present in the precursor materials, ZnCo-spinels 

starts to form from Co3O4 and Zn where the temperature of formation depends on the synthesis 

technique. This formation is possible due to the direct substitution of Zn into the octahedral 
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position of Co because they have a similar ionic radius (rZn
2+ = 0.60Å and rCo

2+ = 0.58Å) (37).  

However, ZnCo2O4 spinel is stable up to 800C, after which it decomposes to CoO and ZnO and 

considering the first spinel is not identified until after 800C, the formation of this spinel is not 

feasible. Also, from the perspective of the archaeological materials, substitution in the Co-spinel 

lattice it is not as direct nor simple because the starting material (alum) consist of multiple 

transition metals. Therefore, it is equally possible that ZnAl-spinels can be formed from ZnO and 

Al2O3. This mechanism was described by Branson et al. (1965) who produced ZnAl-spinels via 

solid state sintering and noted that a pure spinel phases was only formed above 800ºC, below 

which disordered spinels formed (38). Furthermore, several of these reactions involving other 

transitions metals could be taking place in the development of the blue paint layer since Ni and 

Mg may also exist in Al-spinels.  

Blue paint layers of samples from both Amarna and Malqata sites, also share similar 

microstructure of foam – like scaffolds, as well as, amorphous and crystalline phases present. 

Moreover, higher temperatures and/or longer firing might produce coarser spinel crystallites. TEM 

images of the Amarna and Malqata paint layers revealed major differences in crystallite size and 

distribution. The Malqata spinel crystals in the paint layer are more clustered and smaller ( <10nm) 

than those of the Amarna samples (10-20nm) which is an indication that the sherd might have been 

fired at a much lower temperature than the Amarna sherd. As temperature increases, crystals 

become larger as ripening starts to occur; the larger crystals grow at the expense of the smaller 

ones (39). The lack of well distributed crystallites, like those in the Amarna sample, indicates that 

the crystallites did not (i) have enough time to grow at a certain temperature or (ii) was not fired 

at a very high temperature to induce a faster growth rate of the crystals. Though the Amarna and 

Malqata samples differ in crystallite size and distribution, crystallites in both samples are 
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surrounded by an amorphous layer. This amorphous layer is similar in composition to bulk SEM-

EDS analyses of the paint layer. The amorphous layer is as a result of the untransformed 

amorphous phase of the cobaltiferous alum (40, 41). Hiroaki et al. (2015) (41) explained the 

structural phase transition from crystalline amorphous phase depended on the amount of water 

molecules lost during heat treatment and  both phases could co-exist at low temperatures (<250°C). 

Therefore, it is plausible that the amorphous phases surrounding the crystallites in the paint layer 

is due to the presence of amorphous cobaltiferous alum that did not get transformed during the 

firing process indicated by the presence of Ca and Si. There are calcium sulfate salts found 

throughout the paint layer for thin Malqata samples and vary in distribution in the samples with 

thicker paint layers. These calcium sulfate salts have been identified as gypsum and anhydrite. 

Gypsum may have been used as part of the production process and/or it is a weathering product 

due to burial conditions (1). The presence anhydrite in the slip may be attributed to the addition of 

gypsum in the calcareous slip.  Gypsum heated up between 150°C - 200°C  may serve as binder 

due to the removal of three-quarters of its water and above 300°C anhydrite is formed (42). The 

SEM micrographs of Malqata samples EA.2006.82.8 and EA.2006.82.12 showed an even 

distribution of calcium sulfate in the slip layer. At high temperatures (1000°C), calcium sulfate 

decomposes to calcium oxide and a gas (sulfur trioxide) given by Equation 4 to form a hard 

material composed of calcium oxide and anhydrous calcium sulfate (42).  

Equation 4: 𝐶𝑎𝑆𝑂4  
≥1000℃
→      𝐶𝑎𝑂(𝑠) + 𝑆𝑂3(𝑔) 

 

Thus, it is possible that, much like the paint layer, gypsum could have been added in the slip 

and transformed to anhydrite upon firing (1, 19). Both of these samples described in Table 3 are 
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characterized by non-calcareous clays and has a high iron content. Therefore, it is possible that at 

high temperature, iron diffused into the slip layer from the underlying ceramic body layer. 

4.2.2 Application of the cobalt blue pigment on the ceramic body 

The interface of the paint and the body in the archaeological samples (Amarna and Malqata) 

shows a clear division between the blue paint layer and the body (Figure 21 and Figure 22), with 

this distinct separation being more pronounced in the Amarna sample. There is not a defined 

chemical gradient nor development of an intermediate layer between the ceramic body and the 

paint. It is hypothesized that limited diffusion of the paint into the ceramic body could be impeded 

by the presence of the ceramic matrix. In studying the diffusion of cobalt into a silica structure, J. 

Baten et al. (1989) found that cobalt atoms do not get integrated into the silica network (SiO2), 

instead they exist within the interstices of the SiO2 network (43).  Comparing these data with the 

STEM-EDS maps in Figure 21, it is probable that a similar mechanism is taking place between the 

paint and the silica inclusions at the interface. The stability of MgAl2O4 in a CoAl2O4 – MgAl2O4 

solid solution has been discussed by Rosen et al. (1966) (44). Rosen et al. (1996) found that a 

stable phase of MgAl2O4 and CoAl2O4 can coexist within a solid solution of CoO-MgO after being 

treated at 1400C. Compared to the approach by Rosen et al. (1999) where MgO existed in solid 

solution as a starting product with CoO, the paint produced via SS1 and SS2, did not. Thus, it is 

hypothesized that the amount of Mg that diffuses into the spinel lattice would depend on the 

mobility of Mg, the availability of vacant sites or the Kirkendall effect (39, 45). By taking a general 

approach of Ficks’s first law where diffusion of an atom will continue until its chemical potential 

is the same everywhere (45), the diffusion of Mg into the paint layer may be better understood. 

Under the assumption that this diffusion is energetically favorably to occur, the number of vacancy 

sites available for Mg to diffused into and form MgAl-spinel must also be considered. However, 
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it is assumed that at 900C, Co-spinels are already being formed and the influx of Mg atoms would 

result in 1) inter-diffusion due to the swapping of Co and Mg atoms. 2) inter-diffusion due to the 

Kirkendall effect or 3) a mixture of both (39). 

Since there is a difference in atomic size difference between Mg and Co, it is unlikely that a 

direct swap of the atoms occurred; this is also evident as visually the ‘color’ blue is still dominant 

in the paint. The Kirkendall effect describes inter-diffusion as an unequal influx of atoms, that is, 

there is more/less Mg diffusing into the paint layer than Co atoms diffusing out and because of 

this, vacancies are created (46). This is supported by the EDS maps in which shows a high 

concentration of Mg into the paint layer compared to Co in the tile substrate. However, to validate 

whether the Kirkendall effect is taking place, a more in depth and thorough work needs to be 

carried out, which is out of the scope of this research. Additionally, the paint layer is comprised of 

other elements and the paint matrix may affect how diffusion will occur. Mg and Al appears in 

both in the paint layer and the ceramic body which could indicate that Mg might diffused into the 

paint layer. Therefore, it is probable that mixed spinel were formed, where some Mg atoms diffuse 

into the CoAl-spinel lattice and occupy some of the tetrahedral sites. This phenomenon has been 

studied to reduce the impact of Co on the environment, while still maintaining the blue color of 

CoAl-spinels (47, 48). Mokhtari et al. (2017) investigated the effects of incorporating Mg and Zn 

into the CoAl-spinel lattice and found that there is a maximum amount of Mg that can be added 

while still maintaining the blue color for powders calcined at 900C (47). Work carried out by 

Koroleva et al. (2004) showed that for powders calcined between 950C and 1000C, the color is 

bright blue; and light blue for mixed spinels with high and low cobalt concentration respectively 

(Co1-xMgxAl2O4 where 0.67  x  0.80) (23). In contrast, the Malqata sample Mal 77b revealed 

crystallites in the paint layer on top of a crystallite of the ceramic body. This stacking may be due 
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to the diffusion of cobalt spinel crystals during firing, but is not a clear indication of diffusion 

along the entire interface because a continuous behavior is not observed. Additionally, the sample 

is not composed of a single monolayer of paint and body crystallites and may have several other 

disordered crystallites stacked underneath. Though we now have a better understanding as to what 

is happening at the interface between the paint and the body, conclusions regarding the diffusion 

of paint crystallites into the ceramic body cannot be made.  

4.3 Conclusion 

Characterization and reverse engineering of the ancient cobalt blue pigment provided an 

insight into the characteristics of cobalt blue and its production technology. The paint layers in the 

archaeological samples exhibited distinct microstructures outlined by high concentration of Al, 

Mg, Co, Ni and Zn with a less concentrated, porous core. The major crystallites in the Amarna and 

Malqata samples were identified as cobalt spinel, with a calculated lattice parameter of 8.10 Å; 

though based on the bulk composition of the blue paint layers containing Zn, Ni and Mg, other 

phases of Al-spinels may be present. The spinel crystals between the Amarna and Malqata samples 

show distinct differences in their size, which may be indicative of different production technology 

and firing conditions, while sharing similar raw materials. Though, the spinels identified using 

TEM shows a closer affinity to CoAl-spinels, it is possible that other Al-spinels are present, as 

well as Zn-Co spinel due to the high concentration of Zn in majority of the samples but there is no 

evidence of spinel formation below 800C. Analyses done using XANES for all the Amarna 

samples, indicated a similar electronic structure. However, XAFS showed that a change in the 

electronic configuration of the local environment of Co atom occurred due to the substitution of a 

lighter element such as Mg. This further highlights the presence of mixed spinels, in addition to 

Co-spinels in the paint layer.  
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The interface of the ancient samples indicated no evidence of diffusion between the paint and 

the ceramic substrate. This is an indication of the craftsmanship of the ancient Egyptians and the 

understand of materials used as no binder is present but the paint remained well adhered.  
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5 Modern Synthesis of Archaeological Cobalt Blue: 
Production Technology 

Two different methods of production have been suggested for the manufacture of cobalt blue 

(1, 8, 9, 19): 1) solid state sintering and 2) precipitation from an aqueous solution and sintering.  

The solid state sintering synthesis conducted in this work considers cobaltiferous alum being 

the source for cobalt during New Kingdom, Egypt (Step 1). In this process, powdered cobalt-rich 

alum is mixed with water and applied directly onto the unfired clay pot in the areas to be colored 

blue and fired together in a single firing (Step 2). Through solid state reactions, the heat-treatment 

at temperatures between 800oC and 1200oC coalesce the powdered raw materials into cobalt blue 

(Step 3).   

 A schematic representation of the steps required to produce cobalt blue spinel based on solid 

state sintering is illustrated in Figure 24. 

 

Figure 24. The various steps taken in the solid state sintering process to produce cobalt blue painted ceramics. 

 



 

 56 

The precipitation method requires first the transformation of the sulfate minerals (i.e. the 

cobaltiferous alum) into oxyhydroxides, followed by heat treatment to transform the precipitates 

into cobalt spinel.  

Conversion of the starting with raw materials (Step 1) from sulfates to oxides. In this process, 

cobalt alums were dissolved in water then mixed with an alkali. An alkali source such as natron 

could have been used to convert sulfates into hydroxides through precipitation (Step 2). CoAl-

spinel is formed by heating the hydroxides between 800ºC and 1200ºC. Firing temperature 

between 800°C and 1200°C is critical for the synthesis of the CoAl-spinel; below 900°C it would 

likely form different cobalt (II, III) oxides (Step 3). The material produced (CoAl-spinel) would 

be applied directly onto the ceramic (post-firing) using an organic binding medium or gypsum to 

adhere the pigment to the surface (8). 

The steps to produce cobalt blue spinel based on the method known as precipitation from an 

aqueous solution are schematically presented in Figure 25. 

 

Figure 25. The different steps to produce cobalt blue via the precipitation from a solution followed by sintering. 
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5.1 Materials 

Materials used for the modern synthesis contained both natural minerals from Egypt, as well 

as, pure chemicals. Alum (𝐾𝐴𝑙(𝑆𝑂4)2 · 12 𝐻2𝑂) was provided by Dr. James Harrell and 

purchased from an Egyptian pharmacy. This alum did not contain cobalt or any of the transition 

metals found in the archaeological samples analyzed. It was identified as rather pure potassium 

alum by XRD (Figure 26) and EDS (Table 8). Therefore, cobalt hydroxide (𝐶𝑜(𝑂𝐻)2) from Sigma 

Aldrich was used as the cobalt source. For the precipitation synthesis, “non-refined natron” from 

Egypt (stored at the Met) was used. This material was identified by XRD as Trona 

(𝑁𝑎3(𝐶𝑂3)(𝐻𝐶𝑂3) ∙ 2𝐻2𝑂) an evaporite mineral, with talc and quartz impurities. The alum, 

natron source (Trona) and the cobalt hydroxide were used as received without any purification 

process. Measuring of raw materials for synthesis was done using Mettler Toledo AG Balance 

(AG245) with a readability of 0.1mg/0.1mg and a repeatability of 0.1mg/0.2mg.  

 
Figure 26. XRD analysis of alum. 
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Pre-wedged clay tiles were used as the substrate for the alum mixture. The composition of 

the clay is found in  Table 8. The clay was pounded then rolled until the desired thickness of 0.25 

inch was obtained and cut into 2 X 2 inch squares to form tiles. To investigate if the ceramic was 

fired separately from the pigment and to identify the condition of firing the ancient ceramics prior 

to paint application, the unfired paint was applied to three variations of tile substrates: 1. Unfired 

(UF) – clay tiles: these were only air dried for five days. 2. Fired (F) – ceramic tiles: these were 

first air dried for 5 days and then fired at 900ºC (chosen as it is the onset of vitrification and the 

clay gains strength due to sintering (49)) and cooled to room temperature 3. Leather hard (LH) – 

clay tiles: these were first air dried for two days then placed in a Ziploc with a moist paper towel 

to preserve its leather hard state. The loose mixture was also fired in a mullite crucible, together 

with the painted tiles. 

5.2 Results 

5.2.1 Solid state sintering 

To create cobalt containing alum, two cobalt oxide concentrations were used for the solid-

state synthesis: the first set, denoted as solid state #1, was synthesized using alum (97.5 wt.%) and 

cobalt hydroxide (2.5wt.%) to make approximately 2.5g of alum and cobalt hydroxide solid 

mixture. The second set, referred to as solid state #2, was composed of alum (99.5wt.%) and cobalt 

hydroxide (0.5wt.%) to make 2g of the mixture. The resulting cobalt oxide concentrations are 

0.77wt% and 0.52wt% in solid state #1 and #2 respectively, as measured via EDS. These 

concentrations are within the range of those previously reported (2, 5, 6), shown in Table 8. For 

both concentrations, the mixture was finely ground until it was well blended. Deionized water was 

then added to the cobalt/alum mixture to make a paste and then applied onto the three different 

ceramic substrates and air dried before firing.  
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Table 8. Chemical composition of raw materials (normalized, wt.%), analyzed using SEM-EDS. 

 

5.2.2 Precipitation from an aqueous solution and sintering  

Cobalt blue via precipitation synthesis was created by mixing alum (91.9wt.%), cobalt 

hydroxide (2.69wt.%) and trona (5.38wt.%) to make approximately 1.49g of the mixture. The alum 

was finely ground with the cobalt hydroxide powder until well blended. In a separate mortar and 

pestle, the trona (sodium bicarbonate source) was ground until similar consistency was achieved. 

The alum and cobalt hydroxide mixture was placed in a glass vial and 3mL of deionized water was 

added to create a saturated solution. Once a saturated solution was obtained, trona was added 

incrementally by 0.02g until the reaction was complete – that is until CO2 was no longer released 

with the addition of excess trona. The resulting mixture was then washed with 2mL of deionized 

water using a filtration system (Figure 27). The precipitate in the filter paper was collected and left 

to dry overnight, after which the dried product was finely ground. 

 

Figure 27. Filtration system used in the precipitation synthesis. 



 

 60 

Phase analysis of the precipitate indicated the presence of cobalt oxide at 0.59wt.%. This result 

is consistent with published data characteristic of cobaltiferous alum (2, 5, 6) (Table 8). As 

mentioned in the case of the solid state sintering synthesis, the variation between the theoretical 

and the reported CoO values from EDS is highly depend on the amount of Co lost in solution 

during washing. The precursors in both the solid state sintering and precipitation synthesis was 

analyzed using XRD (Figure 28). For SS1 and SS2, the precursor material is comprised primarily 

of potassium alum, though it is possible that Co-Al hydrotalcite ([𝐶𝑜6𝐴𝑙2(𝑂𝐻)16] (𝐶𝑂3)  ∙  4𝐻2𝑂) 

might be present. However, the peaks of Co-Al hydrotalcite and alum overlap and is difficult to 

distinguish between the two; peaks of Co(OH)2 were not identified.  The precursor material for 

precipitation synthesis contained Epsomite (𝑀𝑔𝑆𝑂4  ∙ 7𝐻2𝑂), Thenardite (𝑁𝑎𝑆𝑂4), Arcanite 

(𝐾2𝑆𝑂4) and quartz (𝑆𝑖𝑂4) as an impurity from the raw material.  

 
Figure 28. XRD analysis of precursor materials for SS1, SS2 and P1. 
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Considering the possibility that the unfired paint could have been applied to the clay body and 

then fired together, the temperature at which break down of the clay’s crystal structure occurs was 

used as the baseline, along with the formation of amorphous silica and alumina (42). Thus, 500°C 

was selected as the starting temperature and 1200°C as the maximum based on hypothesized firing 

temperature (1). The tiles were fired in batches at 100ºC interval with each batch containing the 

various tile substrates and a crucible containing loose unfired powdered mixture in an electric kiln 

with an oxidizing environment. For the 500°C and 600°C firing, the kiln was ramped up in two (2) 

segments at a rate of 180°C/hr. for the first segment and 85°/hr. for the second segment. For 

temperatures 700° - 1200°C, a third segment with a rate of 100°C/hr. was added. Each batch was 

held at temperature for an hour and remained in the kiln to cool down to room temperature. As a 

result, 48 tiles and 16 powdered pigment samples were produced by solid state and precipitation 

synthesis. 

5.2.3 Composition and chemical structure of end-products from solid state sintering 

The cobalt-containing alum mixtures were fired at increasing temperatures in crucibles, and 

after application on the three different tile substrates. During firing, all the samples showed a 

change in color visible to the naked eye. Mixtures of both concentrations developed from a very 

pale purple in their unfired state, to a light grayish blue around 600°C with deeper blues from 

700°C to 1000C and a reduction in blue intensity over 1100C (Figure 29). This transformation 

from dark blue to light blue is due to the electronic transition of the Co2+ ions at the Td (tetrahedral) 

site in the spinel (40). In contrast to the rich colored powered pigment in the crucible, the saturation 

of the synthetic pigment applied on the tiles varied according to the thickness of the paint layers, 

as thin applications produced the lightest colors (Figure 29). The color match of the pigments were 
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done using the PANTONE solid uncoated PLUS series color scale and is indicated below the 

colored powdered pigments in Figure 29. 

 

 
Figure 29. Color hues as a function of temperature of the pigment synthesized by a) Solid State #1 and Solid State 

#2, matched by the PANTONE solid uncoated PLUS series. 

 

The paint layer of sample SS1 and SS2 on unfired substrate is thin and irregular (~5-20m) 

due to the application of the paint and is not continuous on a single sample. Overall, the paint layer 

contains mostly Al2O3 and S, indicative of the raw materials used. The composition of the paint on 
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the fired and unfired SS1 samples is shown in Table 9, except for samples SS1 600C,700C and 

1100C because the paint layers were too thin and discontinuous for analysis. 

Table 9. Chemical composition of the paint layer produced via solid-state sintering on fired and unfired tiles and 

analyzed using SEM-EDS (expressed as wt.% oxide of the element). 

 
There were also varying concentrations of elements such as Si due to the presence of silica in 

the paint that is due to diffusion from the tile substrate or due to displacement of particles from the 

unfired clay upon paint application. The Al2O3 and CoO concentrations varies due to the 

inconsistent distribution of paint on the tile. In the SS1 samples, CoO and Al2O3 relative 

concentrations steadily increases with temperature until 1200°C, except for SS1 UF tile at 700°C. 

These data are consistent with the loss of volatile materials such as SO2 as temperature increased 

(50). CaO and SO3 was also noticeable in the paint layer due to the contribution of sulfur from the 

alum and the migration of calcium from the tile. Unfortunately, in the SS2 samples, there was not 

enough paint coverage for analysis, so such a trend cannot be fully observed. Paint on the leather 

hard substrate was not analyzed because the paint flaked off prior to firing in most cases and left 

behind a very faint mark after firing (Figure 29).  

5.2.3.1 Mineralogy and Microstructure of synthesized cobalt blue paint 

XRD analysis was conducted on the fired powdered pigments to identify the different phases 

produced as a function of temperature (Figure 30). Similar phases transitions were recorded for 

each of the two cobalt concentrations. Upon firing, the cobalt-containing alum mixture dehydrates 

Samples Collection Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO FeO CoO

SS1 UF Tile 500C Reproduction 0.00 0.09 20.83 0.22 0.00 61.12 17.74 0.00 0.00 0.00 0.00

SS1 UF Tile 600C Reproduction 0.42 0.37 48.33 1.74 1.33 27.02 20.58 0.00 0.00 0.00 0.22

SS1 UF Tile 700C Reproduction 0.00 2.72 65.77 2.03 0.99 13.64 12.04 2.23 0.00 0.11 0.49

SS1 UF Tile 800C Reproduction 0.18 6.28 59.34 1.11 2.31 16.67 10.70 2.88 0.00 0.09 0.43

SS1 UF Tile 900C Reproduction 0.00 8.49 78.02 1.39 1.74 3.37 2.84 3.45 0.00 0.18 0.52

SS1 UF Tile 1000C Reproduction 0.00 9.42 77.97 6.05 1.61 0.89 0.60 2.40 0.00 0.51 0.55

SS1 UF Tile 1100C Reproduction 0.00 8.09 71.08 12.76 2.82 0.77 0.79 2.36 0.24 0.60 1.16

SS1 UF Tile 1200C Reproduction 0.00 8.47 53.92 33.25 0.00 0.00 0.00 3.18 0.87 0.34 0.17

SS1 F Tile 500C Reproduction 0.23 0.85 19.83 0.44 0.00 55.37 23.30 0.00 0.00 0.00 0.00

SS1 F Tile 800C Reproduction 0.43 2.38 70.63 0.89 2.30 15.18 11.25 1.85

SS1 F Tile 900C Reproduction 0.27 7.83 82.45 4.62 3.28 7.12 4.06 2.43 0.00 0.39 0.50

SS1 F Tile 1000C Reproduction 0.00 6.94 79.12 6.46 3.18 1.47 0.54 2.89 0.00 0.40 0.23

SS1 F Tile 1200C Reproduction 0 2.43 89.068 5.098 2.42 1.025 0.225 1.015 0.34 0.62 0.4
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to form steklite (KAl(SO4)2) between 500°C and 700°C. Around 700°C, there is a sharp peak at 

27.5 associated with the intermediate phase K3H(SO4)2 (51, 52) and the anhydrous alum 

decomposes to form arcanite (K2SO4) and corundum (Al2O3). These phases are stable until 

1100°C, after which, a further decomposition leads to the formation of the Leucite (K(AlSi2O6)) 

and corundum.  
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Figure 30. XRD analysis of the phases formed as a function of temperature for A. SS1 (500C-800C), B. SS1(900C-

1200C), C. SS2 (500C-800C) and D. (900C-1200C). 

  

This interpretation is consistent with other studies of the thermal decomposition of potassium 

alum (36, 51). The first cobalt spinel phases appear at 800°C and is present until 1200°C. It was 

observed that the cobalt spinel peaks are often shoulder peaks of arcanite as they have similar 
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2theta values. As previously reported by Taguichi et al (2013), cobalt spinel begins as a majority 

amorphous phase and increases in crystallinity with temperature but the lack of high crystallinity 

of the fired pigments may be caused by sample volume and lattice distortions (40, 53).  Due to the 

concentration of alum in the powdered samples, it was difficult to obtain high intensity peaks of 

the cobalt spinel and observe its crystallinity as a function of temperature, except in two peaks at 

2theta 38.4 and 44.67. The crystallite size was calculated to be 20nm using the Scherrer’s formula 

(32): t = K/B cos B, where B is the breadth width of the observed peak’s half intensity maximum, 

K is the shape factor value 0.9 (42) and  is 1.54 Å, which is the wavelength of the Cu X-ray 

source. Additionally, iron (Fe) was present in all the samples because of the sample holder used 

during analysis. Thus, the spinel peak at 2-theta 44.6 could not be properly identified. 

To better identify CoAl-spinels present in the paint layer of the solid state sintering, analyses 

with TEM were performed on the paint layer of sample SS1#1 at 900C (unfired substrate). The 

d-spacing was calculated using Fourier transform of the TEM electron diffraction pattern (Figure 

31) and the results are in good agreement with reported values from PDF# 01-075-6033 for CoAl-

spinel (54). 

 
Figure 31. A. Atomic resolution TEM micrograph of spinel crystals and B. corresponding d- spacings of spinel crystals 

from sample SS#1 fired at 900C on unfired tile substrate. 
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Regardless of the cobalt concentration (SS1 vs. SS2), all paint layers show similar 

microstructure and  Figure 32 with characteristic morphology formed as a function of temperature 

from room temperature to 1200°C. As the temperature increased, the unfired alum and cobalt 

mixture becomes dehydrated leaving behind products of the reacted precursor. From 500°C to 

700°C, textural features, similar to those seen in the ancient samples, begin to develop and are 

distributed throughout the paint layer. This is seen particularly in SS1 samples for the same 

temperature range, where the paint layer is denser and forms an interconnecting nanostructured 

network. Between 800°C and 1200°C, these distinct features become more defined with a denser 

outer area enclosing a more porous core. Elemental characterization of the denser rims indicates 

strong photon emissions characteristic to Al, Co, Ni, Zn and Mg.  

A. 

 
 

B. 

 
Figure 32. Development of the foam-like scaffolds of paint layers of A) SS#1 and b) SS#2 vs. ancient samples. 
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Atomic resolution imaging with TEM revealed clusters of crystalline phases (Figure 33) with 

an average size of approximately 10 nm, corresponding to Mg- or CoAl-spinel or a mixture of both 

based on the calculated d-spacing.  

 
Figure 33.ABCD TEM micrographs of spinel crystals from various areas in SS1 sample on unfired tile substrate 

(fired at 900C). 

 Several powdered samples were analyzed using TEM to evaluate crystal growth and 

distribution as a function of temperature. As indicated in Figure 34, the spinel crystals at evident 

at 900C (Figure 34B) and grows bigger as the temperature increases (Figure 34C); the crystals 

also appear more isolated at higher temperatures.  

 
Figure 34. Growth and distribution of crystals in the blue paint layer of SS1 samples A. SS1 UF, B. SS1 fired at 

900C and C. SS1 fired at 1200C as a function of temperature. 

 

There is also an amorphous phase present, enclosing the spinel phases (Figure 35). This 

amorphous phase rich in Mg, is similar in composition to the bulk paint layer (Table 9) but the 

area of the crystals seems to include Si and Ca as well. 
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Figure 35. A. STEM micrograph of an area in the paint layer of the SS1 Sample and B. Amorphous phase present in 

SS1 sample on unfired tile substrate (fired at 900C) with corresponding STEM-EDS elemental maps. 

 

It has been noted that in the fired tile body, there are cobalt rich areas as a result of paint 

migration into the pores of the tiles and is usually surrounded by a calcium rich region (Figure 36). 

These cobalt rich areas of various shapes, are spread throughout the paint layer, they are evenly 

distributed and range from 9µm – 30µm. They are mostly concentrated at the mid-top of the body 

but can be seen in all samples fired between 500° and 1200°C. Based on this result, it is expected 

that the concentration of CoO in the paint layer is lower on the fired tiles than that of the unfired 

tiles.  

 
Figure 36. Cobalt rich areas in SS1 tile 800C. 
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5.2.4 Interface between the tile substrate and synthesize paint 

The chemistry and microstructure of the interface between the substrate and the paint layer 

in all SS1 and SS2 samples was analyzed. SEM characterization of the microstructure, showed 

distinct microstructures of the tile and the paint layer, however, no evident microstructure at the 

interface. STEM-EDS analysis of the samples depicted in Figure 37 corroborates the results. The 

presence of Mg in the paint layer may relate to the application of the cobalt containing paint onto 

the substrate; the water in the paint layer may have transported loosely bound particles of the Mg-

rich clay into the paint.  

 
Figure 37. SS1 sample (fired at 900C, unfired tile): A and B. Backscattered electron (BSE) micrograph, C. SEM 

micrograph indicating the section of the interface selected for FIB, D. STEM micrograph of the interface between the 

paint and the ceramic body with corresponding STEM-EDS elemental maps of Co (E), K (F), Al (G), S (H), Si (I), Ca 

(J) and Mg (K).  

 

5.2.5 Composition and chemical structure of end-products from precipitation synthesis  

The pigment produced from the precipitation synthesis was applied to the tile substrate in the 

same way as that done for the pigment produced via the solid state sintering process. A noticeable 
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color change was observed as a function of temperature (with an increase in T). The pigment color 

changed from pale pink to brownish pink with a hint of blue around 600C; it became greyish blue 

between 700C and 900C, after which the intensity of the blue tone increased to a very dark blue 

color at 1200C (Figure 38). Though effort was made to improve the thickness of paint application 

on the tile substrate, the pigments experienced saturation and appeared much paler on the some of 

the tiles compared to the rich color of the pigment fired in the crucible (Figure 38). The change in 

colors is matched using the PANTONE solid uncoated PLUS series color scale. 

 
Figure 38. Visual Color change as a function of temperature for the pigment synthesized via the precipitation 

method as described by the PANTONE solid uncoated PLUS series scale. 

 

The composition of the blue paint produced by precipitation synthesis followed by sintering 

is shown in Table 10, except for P1UF500 ºC, P1F900 ºC and P1F1000 ºC due to the discontinuity 

of the paint layer. At 1100 ºC, the highest cobalt content is observed for the unfired paint applied 

on unfired tile and at 1200ºC, the highest CoO content is observed for the unfired paint applied on 

the fired tile which is in agreement with the XRD data, where spinel is one of the resulting phase. 

This however, does not mean that spinels are not formed below 1100ºC. Formation of spinels 

below 1100ºC may not be evident due to the number of phases present in the samples at lower 
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temperatures. Therefore, due to peak overlaps and broadening at low temperatures, spinel peaks 

may not be clearly identified.  

Table 10. Paint composition of P1 synthesis on the fired and unfired tiles. 

 
5.2.5.1 Mineralogy and microstructure of the cobalt blue paint layer 

 XRD analysis was carried out on the powdered pigments prepared by from an aqueous 

solution and sintering. This was done to identify the formation of phases as a function of 

temperature (Figure 39). Upon firing at 500C, the alum dehydrated to form arcanite (𝐾2𝑆𝑂4) 

along with halite (NaCl) and quartz. At 600C - 1000C, the phases aphthitalite (𝐾2𝑁𝑎2(𝑆𝑂4)2), 

thenardite (𝑁𝑎2𝑆𝑂4) were, along with arcanite and quartz. The final products of the reaction 

consist of an Al-spinel phase and Nepheline (𝑁𝑎3(𝑁𝑎,𝐾)[𝐴𝑙4𝑆𝑖4𝑂16]).  It appears to have spinel 

phases present above 1100ºC. The paint composition in Table 10 shows that magnesium is present 

in the samples above 1100ºC as well, thus, it is possible that both Mg and Co spinel exist in the 

paint layer of the samples produced via the precipitation method. 

Samples Collection CO2 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO FeO CoO

P1 UF Tile 600C Reproduction 72.92 4.85 0.14 12.77 1.01 0.42 5.26 2.08 0.48 - - 0.39

P1 UF Tile 700C Reproduction 72.44 2.33 0.57 15.74 1.61 0.72 3.91 1.54 0.70 - 0.09 0.48

P1 UF Tile 800C Reproduction 83.64 1.13 0.86 7.73 4.40 0.50 0.70 0.56 0.24 - 0.08 0.16

P1 UF Tile 900C Reproduction 80.91 0.52 1.29 10.55 4.71 0.50 0.34 0.34 0.25 0.14 0.21 0.25

P1 UF Tile 1000C Reproduction 78.99 0.17 1.94 12.38 4.99 0.35 0.34 0.09 0.21 0.08 0.02 0.41

P1 UF Tile 1100C Reproduction - 1.13 2.92 76.72 12.45 1.62 #DIV/0! 0.82 1.90 0.18 0.76 1.56

P1 UF Tile 1200C Reproduction 62.88 - 6.40 27.21 1.12 0.54 0.26 0.21 0.65 0.08 0.29 0.83

P1 F Tile 500C Reproduction 83.78 2.10 0.79 4.31 2.88 0.79 3.91 0.71 0.60 0.03 0.08 0.16

P1 F Tile 600C Reproduction 85.63 0.87 0.37 5.52 2.93 0.04 3.40 0.56 0.30 0.03 0.10 0.25

P1 F Tile 700C Reproduction 83.97 1.60 0.12 6.54 1.34 0.36 3.90 0.99 0.68 0.00 0.10 0.39

P1 F Tile 800C Reproduction 73.43 1.67 1.49 12.71 4.61 - 2.81 - 1.99 - - 0.73

P1 F Tile 1100C Reproduction 81.89 0.33 2.15 10.37 5.11 - - - - - - 0.49

P1 F Tile 1200C Reproduction 63.874 0.38 1.80 24.45 7.84 - - - - - - 1.27
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Figure 39. Phase development of the pigment as a function of temperature for A.  P1 pigments fired between 500 ºC  

and 800 ºC; B. P1 pigments fired between 900 ºC and 1200 ºC.  
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There was no noticeable change in the morphology of the paint layer(s) as a function of 

temperature (Figure 40) and the paint layer in all samples analyzed share the same microstructure 

irrespective of the firing temperature. Interestingly, the morphology of the unfired paint bears 

similarity to that of Malqata sample Mal 77b. The unfired paint applied to the tile substrate is a 

relatively thicker paint layer and appears well adhered. The microstructure appears coarse with 

some indication of the dehydrated alum. Unlike, the experiments conducted by solid state 

sintering, there is no clear formation of characteristic porous particles or foam-like scaffolds.  

 
Figure 40.  Morphology of the paint layer in the precipitation synthesis vs. ancient samples. 

5.3 Discussion 

5.3.1 Solid state sintering 

The development of cobalt spinel from a cobalt-containing alum source is understood by the 

experiments to recreate the pigment at different temperature intervals. Much like the varying 

intensity of the blue color in the archaeological samples, the color variation of the synthesized 

pigments depends on the firing temperature. From 500°C, the pigment displays a light purple color, 

changing to an intense blue color between 800°C and 1000°C; above 1000°C the intensity of the 

blue color is reduced. This trend is observed for both SS1 and SS2, with SS2 having an overall 

lighter color palette due to the lower cobalt concentration in the starting material. Alum goes 

through several transformations before transforming into leucite and alumina as the end-products 
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(50). During the decomposition/phase transformation of alum, cobalt aluminate spinels start to 

form at 800°C and continue to form until 1200°C. Though the intensity of the blue color changes 

between 800°C and 1200°C for both SS1 and SS2, the predominant chemical phase in this 

temperature range is the cobalt aluminate spinel. It is widely known that the electronic transition 

of Co3+  to Co2+ into the tetrahedral position is responsible for the rich blue color of cobalt 

aluminate spinels (55). Prior to complete transition of Co2+ into the tetrahedral position of the 

spinel structure, cobalt hydroxide and the alum reacts to form partially inversed spinels, described 

by the inversion parameter. The inversion parameter is defined by occupation of the divalent 

metals into the octahedral sites in the spinel structure. This inversion parameter is affected by 

temperature and ranges from 0 to 1 indicating a normal to inverse spinel respectively; a fraction of 

Co2+ ions occupy octahedral sites or there is twice the amount of Al3+ ions in the tetrahedral sites 

(12). It has been proven that at low temperatures (<800°C), there are mostly Co3+ ions in the 

octahedral sites and Al3+ ions in the tetrahedral sites but as temperature increases, there is a 

reduction of Co3+ to Co2+ and the inversion parameter decreases leading to more Al3+ and Co2+ 

ions in the octahedral and tetrahedral sites respectively (12, 40, 55).  

The synthesized paint layers showed varying composition of Al2O3 and CoO depending on 

the area of analysis. This is due to several factors such as how well the alum and cobalt hydroxide 

were mixed, as well as, particle size and distribution of the pigment on the tile. However, there is 

a steady increase in relative concentration for Al2O3 and CoO (except for 700°C) of both oxides 

as temperature increase, indicating the loss of elements such as S in gaseous SO2 during 

decomposition of the sulfates. It is hypothesized that as this decomposition occurs, Co becomes 

more concentrated and more easily identified with SEM-EDS. This is also observed with XRD, 

where the cobalt phases are not evident until at least 800C (Figure 30). Unfired tile sample 900C 
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prepared by solid state sintering was further analyzed using STEM-EDS to investigate crystal size 

and distribution in the paint layer, as well as, the interface. The crystal size is approximately 10nm 

or less. 

The interface between the paint layer and the tile substrate was analyzed to better understand 

the paint application process onto the clay and its adhesive properties. Initial observation of the 

micron scale indicated two distinctive microstructures characteristic of the each layer. This is 

consistent with the findings on the archaeological materials where no distinctive interface could 

be observed between the paint layer and the ceramic body (Figure 21). The enrichment in Mg in 

the Co-rich paint layer in the synthesized samples as indicated by the elemental mapping using 

STEM-EDS (Figure 37) in a microscopic cross section prepared by FIB, is most likely an artifact 

related to the Co-rich suspension (paint) onto the tile substrate; particles from the Mg-rich clay tile 

(substrate) could have been introduced accidentally into the paint as this was brushed onto the 

surface of the tile. It is important to note that the analysis of the interface is done on a very small 

area of the sample and may not be completely representative of the entire interface of the sample. 

5.3.2 Precipitation Synthesis 

The microstructure of the paint layer prepared via precipitation synthesis is very different from 

solid state.  There is not an apparent morphological development with temperature and instead is 

morphological consistent for all temperatures. This is somewhat consistent with the XRD analyses, 

where the alum is initially dehydrated at 500C for from arcanite, along with quartz and halite. At 

temperatures 600C - 1000C, the dehydrated potassium/sodium phases aphthitalite, thenardite, 

arcanite and quartz are present. After 1000º, spinel and nepheline has been identified as the main 

phases formed at high temperatures and could be attributed to both Co or Mg spinel. This is in 

agreement with the CoO composition observed in the Table 10 where the higher concentrations 
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are observed at these temperatures. The XRD results are based on the diffraction patterns from 

powdered samples fired in a crucible, therefore, if spinel was formed below 1100 ºC then it should 

have been detected. It is possible that the main peaks of Co at approximately 2-theta 36º is being 

overlapped by the thenardite (<1000º) and nepheline phases above 1100ºC.  

Apart from understanding the adhesive properties of the paint and its interaction with the 

paint layer, the fired state of the ceramic body is of interest. A noticeable feature in the body of 

the tiles (both samples prepared via solid state sintering and the precipitation method) is the 

presence of cobalt rich areas of the fired tile, a feature that is absent in the unfired tiles and the 

archaeological samples. Since the paint was applied with deionized water directly onto the fired 

tile, it is possible that the solution containing cobalt penetrated into the tile, leaving behind the 

alum on the surface as seen on the micrograph (Figure 36). At the macroscale, the fired tile is more 

porous than the unfired tile which could have resulted in the cobalt penetrating further into the 

body of the fired tile upon application of the paint. Upon application of the paint onto the leather 

hard tile, the paint flaked over and became powdery after firing. 

5.4 Conclusion: Part 1 

For the first time, cobalt blue pigment has been synthesized using a solid state sintering 

method believed to have been used during New Kingdom, Egypt. Archaeological samples show a 

wide range of colors, from light purple to light blue. This is also true for the reproduced samples 

using solid state sintering. Chemically, the archaeological samples are analogous to the modern 

experimental samples, except for the presence of the transition metals Ni and Zn that might have 

been introduced in the archaeological samples through the natural raw materials used. In the 

reproduced samples, cobalt spinel was produced at firing temperatures between 800°C and 

1200°C; at temperatures lower than the 800°C mostly anhydrous alum could be detected. The 
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modern reproductions of the ancient pigment also indicated that very little cobalt, compared to 

alumina content is needed to produce an intense blue hue. The crystal sizes of 10nm and 

distribution observed in sample 900C produced by solid state sintering is comparable to the size 

and distribution of the Malqata samples, whilst, the Amarna samples are more similar to the crystal 

size and distribution observed for the SS1 powder fired at 1200C. This infers that the Malqata 

sample were fired at a lower temperature than the Amarna samples and has provided insight into 

the production process of cobalt blue painted pottery from both sites.  

Neither the archaeological cobalt-rich paint samples nor the reproduced ones based on modern 

synthesis (as seen in the sample SS1) fired at 900C, show interdiffusion at the interface between 

the paint layer and the ceramic substrate. The adhesion mechanism is most likely related to both 

mechanical adhesion and long range forces rather than direct chemical bonding between the layers 

though the latter cannot be excluded.  

In the precipitation synthesis, there is no evidence of spinel formation between temperatures 

500C - 1200C. It is possible that the spinel peaks are being masked by the presence of the other 

phases. Considering morphology, the paint layer developed by precipitation synthesis is not 

consistent with the morphology observed in the ancient samples. Therefore, it does not seem 

probable that the blue paint was produced using the precipitation method. 

 Comparing the paint interaction between the unfired, fired and leather hard tile, unfired 

tile seems to be the most suitable candidate for the production of cobalt blue painted ceramics 

and suggest that the archaeological materials (clay vessels) were unfired prior to paint 

application. 
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PART 2: Theoretical Modeling of CoAl2O4 spinel 
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6 Introduction 

Computer simulation is a powerful tool that has been utilized to obtain information about 

mechanical properties, phase transitions and electronic properties of various types of materials. In 

some cases, it serves as a complementary method to experimental techniques, as well as, enables 

us to explore materials under conditions that may be difficult/expensive to do experimentally such 

as testing a material in extreme conditions (i.e. high temperature). It has been used to study the 

electronic structure and bonding properties of cobalt oxide (56), investigate catalytic (57), and 

structural properties of cobalt spinels (34) and many others (58-61).  Due to the complexity of the 

spinel structure, there has been a lot interest in being able to simulation their catalytic behavior 

and understand change in oxidation states as they relate to materials properties as a function of 

temperature. To do this, researchers have employed Monte Carlo (MC) and Molecular Dynamics 

(MD) simulations. Monte Carlo simulation statistically deals with state to state transitions between 

microstates of a material in a multi-dimensional phase space. MC simulations are done to calculate 

chemical potentials, free energies and phase diagrams of materials such as MgAl–spinels, or in 

general, systems that require very short time steps (10-15 s), which is sufficient to resolve atomic 

vibrations, while the process studied is of a much longer time scale – meaning longer time to run 

the simulations which can be costly and require weeks instead of days to run a simulation. 

Molecular Dynamics is defined as a technique where “ the time evolution of a set of interacting 

atoms is followed by numerical integration of Newton’s equations of motions” (62). It uses 

Hamiltonian as well as statistical mechanics to generate configurations for a system with N number 

of interacting atoms, accounting for the dynamics of the system and predicts time – dependent 

trajectories. Some of the benefits of the MD simulation are: the system can evolve as function of 

temperature and pressure, compute distribution of atomic positions or molecular orientations and 
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provide quantitative information on phase stability under extreme conditions, based on simulating 

atomic motions. Whereas, MC is better suited to understand phenomena such as low-density 

systems. Thus, Molecular Dynamics was used throughout this research to investigate the 

mechanical and thermal properties of spinel materials, specially Mg,CoAl-spinels. There are two 

types of MD simulations: Density Functional Theory (DFT) and classical MD. Though DFT is 

more accurate than classical MD, it is computationally more expensive. 

6.1 Previous Research 

All computer simulations done thus far of CoAl-spinels have been done using density 

functional theory and not classical MD. Using DFT, researchers have studied the structural, 

electronic, elastic, optical and vibrational properties of CoAl-spinels (34, 60).   

Tielens et al. (2006) (60) conducted the first theoretical work to investigate the structural and 

electronic properties of bulk CoAl-spinels. Using the DFT calculations Tielens et al. performed 

calculations for varying values of the inversion parameter (x) by 0, 0.25, 0.33, 0.50, 0.66, 0.75 and 

1 in the (𝐶𝑜1−𝑥𝐴𝑙𝑥)[𝐶𝑜𝑥𝐴𝑙2−𝑥]𝑂4 spinels. Recall that the inversion parameter is describes the 

occupation of Co in the tetrahedral and octahedral positions within the CoAl-spinel lattice. The 

inversion parameter goes from 0-1, indicating a normal to inverse spinel (12). In this model, 

Tielens et al. used a primitive unit call of a normal spinel, consisting of two (2) formula units, 

which 4x smaller than a conventional unit cell. To conduct the computations, Vienna Ab initio 

Simulation Package (VASP) was used to optimize geometry and total energy minimization. The 

Kohn – Sham equations were solved using a generalized gradient approximation (GGA-PW91) 

and Projector Augmented Wave method (PAW) was used to describe the ion-ion interactions. A 

cut off energy of 400eV was used with a plane wave truncation. A 6x6x6 Monkhorst – Pack special 

k-points grid was used for the Brillouin zone integration. They kept the k-points constant in 
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reciprocal space and are adjusted to the size of the supercell. A conjugate gradient optimization 

was performed to optimized the positions of the atoms, cell shape and volume. Using VASP 

calculation of the energy volume for the spinels with various inversion parameters were obtained 

and evaluated by GIBBS program. As a result of their computer simulations, Tielen et al (12) 

found that the equilibrium configuration of in a normal CoAl-spinel, where x = 0, the lattice 

parameter a is equal to 8.092 Å and a positional parameter (u) of 0.2631. For temperatures lower 

than 300K, temperature had a low influence on the inversion parameter and a bulk modulus of 

193.8 – 218.8GPa for various inversion parameters. They found that in general, CoAl-spinels with 

an inversion parameter not equal to 1 has a bulk modulus of 198GPa, compared to inverse spinel 

that has a bulk modulus at least 10% higher. The conductivity of CoAl-spinels are affected by the 

geometrical distortion that increase Co-O bond distance and as a result decreases the crystal field  

as a function of the inversion parameter.  

Akbudak et al. (2017) (34) investigated the structural, electronic, elastic, optical and 

vibrational properties of cobalt aluminate spinels using DFT. The driving force behind the research 

was for spinel use as a low band gap material for photochemical applications. Computer 

calculations were done using MedeA and the Projected Augmented Wave (PAW) pseudo-

potentials and the generalized gradient approximation (GGA – PBE). To account for electronic 

correlation, GGA+ U with an effective total energy (Ueff) of 2eV for Co. k-points were generated 

by Monkhorst – pack for the Brillouin zone. A good convergence for CoAl2O4 was obtained with 

a k-mesh size of 5x5x5 and a kinetic cut off of 500eV and total energy conservation threshold of 

10-5 eV. Calculations of the elastic and phonon properties were done using a module with MedeA 

and supercell method respectively. Akbudak et al. (2017) obtained a calculated lattice parameter 

of 8.17360Å, structure (u) parameter of 0.26430, a total magnetic moment of 3.00 and a bulk 
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modulus of 202.70 GPa. The calculated elastic modulus C11, C12, C44 was found to be 269.25, 

169.43 and 128.35 respectively. Additionally, the calculated Young’s modulus (E) was 230.10GPa 

and a shear modulus of 87.89. In addition to the structural properties of CoAl2O4, Abbudak et al. 

(2017) calculated its electronic properties which resulted in a density () of 4.303mg/m3, elastic 

wave velocities VL, VT, VM to be 8625m/s, 4521m/s and 5057m/s respectively. Lastly, the Debye 

temperature of 704.5K was obtained. In conclusion, Akbudak et al. (2017) were able to obtain a 

band gap of 1.78eV for CoAl2O4 spinels which makes them a suitable candidate for photochemical 

applications.  

Though most computer simulations of spinels have been done using DFT, some research of 

Mg,ZnAl-spinels were performed (59, 61) using classical molecular dynamics. Alvarez et al. 

(1993) (61) conducted MD studies of ZnAl-spinels to investigate its use as a metal support catalyst 

based on its vibrational and radial distribution properties. They conducted both experimental and 

computational studies; the zinc aluminate was prepared by co-precipitation of nitrates and 

ammonium carbonate. To characterize the experimental products, a Philips diffractometer and 

Fourier-transform Infrared Spectroscopy (FTIR) was used and compared to molecular dynamics 

simulations. Alvarez et al. (1993) employed a Pauling type function with a Coulombic and steric 

repulsion term given by Equation 5 in the simulation.  

Equation 5: 𝑉(𝑟𝑖𝑗) =  
𝑞𝑖𝑞𝑗𝑒

2

𝑟𝑖𝑗
 [1 + 𝑠𝑖𝑔𝑛(𝑞𝑖𝑞𝑗) (

𝜎𝑖+ 𝜎𝑗

𝑟𝑖𝑗
)
𝑛

] 

The interatomic distance between the two ions is represented by r, q is the effective charges 

of the ions and  is the effective charge ionic radius. A microcanonical ensemble (NVE) consisting 

of 432 aluminum atoms, 216 zinc atoms and 864 oxygen atoms were used at 300K and 800K. The 

radial distribution and velocity using Fourier transformation was calculated every 5ps with a 

timestep of 10-15s. Ewald method was used for the long – range Coulombic calculations. These 
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calculations resulted in a radial distribution and velocity autocorrelation function that was 

comparable to experimental data. They noted that the theoretical calculations were helpful in the 

analysis of the FTIR peaks obtained for the ZnAl-spinel.  

As mentioned in the introduction of classical MD simulations, potential parameters describing 

the interactions between the ions are necessary. In some cases, these values are experimentally 

obtained which is then fit to a model. This was the case in the study of MgAl-spinel system 

conducted by Morooka et al. (1999) (59). The aim of the research was to optimized potential 

parameters for alumina - magnesia system by fitting experimental data to the lattice constants of 

spinel, alumina and magnesia. An interatomic function with Coulombic, repulsive interaction and 

van der Waals interaction energy and the Morse potential term was used. For quantum calculation 

correction, the MXDTRICL program was used and incorporating Verlet algorithm to account for 

the motions of the atoms. 300 atoms were placed in a basic 3D periodic boundary cell using a NPT 

ensemble. The simulation was ran for 5000 timesteps for every fs timesteps and equilibrium was 

obtained at 300K and 0.1MPa.  Morooka et al. (1990) identified potential parameters used within 

their simulations to get lattice parameters, volume thermal expansivity, specific heat capacity 

values comparable to published experimental data (59). 

Based on this previously published data, it is evident that there has not been any literature 

published on the simulation of the Co aluminate spinel system using classical molecular dynamics. 

6.2 Aims 

This thesis aims to broaden the understanding of CoAl–spinels’ behavior through its atomic 

interactions using Molecular Dynamics. With Molecular Dynamics simulations, questions such as 

what are the thermal (e.g. volume thermal expansivity) properties can be answered. The aim of 

theoretical modeling is to develop potential parameters for molecular dynamics simulation of the 
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CoAl2O4 and to evaluate its thermal properties. To accomplish this, potential fitting of interatomic 

pairs were done based on experimental data to identify potential parameters for CoAl-spinel 

molecular dynamic simulations. In doing this, this research will enable the study of CoAl-spinels 

using classical molecular dynamics; a more inexpensive and time efficient route for computer 

simulations.  

6.3 Molecular Dynamics 

Molecular dynamics simulates the movements of atoms by solving Newton’s equations of 

motion given a formula for the potential energy of each atom. A basic molecular dynamic 

simulation starts with initiating a model file containing initial atomic positions and velocities. 

Figure 41 depicts the basic steps of a molecular dynamic simulation.  

 

Figure 41. Basic steps of a Molecular Dynamics Simulation. 
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The model then enters into a loop, where the force interactions between the atoms are 

calculated. These forces are used to integrate over a set of  equations governing the movement of 

atoms and will determine how the atoms propagate. The physical properties such as total energy, 

kinetic energy, temperature and pressure of the system are calculated. The temperature of the 

system may be adjusted, for example, in the isothermal – isobaric ensemble, the temperature of 

the system is adjusted to control the movement of the atoms and calculate specific materials 

properties at a specified temperature. Lastly, the simulated time period that the system takes to run 

is adjusted until an appropriate convergence is achieved. The time the system runs is divided into 

timesteps, usually on the order of femtoseconds (63). 

There are two main types of molecular dynamic simulations that can be performed for 

computing materials properties: ab initio Molecular Dynamics (AIMD) based on the Density 

Function Theory (DFT) and classical Molecular Dynamics (CMD). Ab initio uses fundamental 

physics law to compute the properties of a material, so calculations require long computing time 

and are therefore, computationally expensive. Whereas, classical molecular dynamics is much 

faster and can simulate millions of atoms due to its use of explicit interatomic potentials (64).  

6.3.1 Ab initio Molecular Dynamics 

Ab initio molecular dynamics is very accurate as it does not require fitting of interatomic 

potentials and only uses input of the element’s atomic number and atomic position. Ab initio 

molecular dynamic modeling  has been carried out using methods such as the Density Functional 

Theory (DFT). Ab initio MD does not use empirical potentials and instead uses a quantum 

mechanics approach where the time dependent Schrödinger equation is used to get the ground state 

electronic energy of the atomic system (65). The Schrödinger equations have a substantial amount 

of dependent variables (on the order of 1024) which makes it almost impossible to solve all of them 
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with current computational power (65). Thus DFT was developed to transform all the dependent 

variables into independent variables. First, we consider that the ground state is described by a 

wavefunction, a solution to the time – independent Schrödinger (Equation 6). 

Equation 6:  ℋ𝜓(𝑟1, … . . , 𝑟𝑁) =  Εψ (𝑟1, … . . , 𝑟𝑁) 
                  

ℋ is the Hamiltonian which accounts for all the kinetic energy and interactions of the system 

and E is the total energy of the system at ground state (66). However, Schrödinger equation cannot 

be solved for a system with many-body interactions so DFT was developed to solve this issue and 

provide an approximation of the Schrödinger equation for a many-body system. DFT is based on 

the Hohenberg – Kohn Theorem which states that “given a ground state density, it is possible to 

calculate the corresponding ground state wave function” (67) which means the total ground state 

of a system is a function of its electron density function. To do this, an effective potential for one-

electron state is identified then solved to produce a density that is equal to the density of a “many-

electron” system (66). One electron state is described by Equation 7. 

Equation 7: (𝑇 + 𝑈𝑒𝑓𝑓)𝜓𝑖  (𝑟) = 𝑒𝑖𝜓(𝑟) 

                  

where T represents the kinetic energy and the total electron density is (Equation 8): 

Equation 8:  𝜌(𝑟) =  ∑ 𝜓2𝑖(𝑟)𝑖  

                           

The resulting equation for calculating the total ground energy, incorporating the effective 

potential is (Equation 9): 

Equation 9: 𝑈𝑒𝑓𝑓(𝑟) =  𝑈𝑒𝑁(𝑟)[𝜌(𝑟)] + 𝑈𝑁[𝜌(𝑟)] + 𝑈𝑥𝑐[𝜌(𝑟)] 

 

where, UH is the Hartree interaction, which states that the motion of any one electron is 

dependent on the motion of all the electrons in a system, leading to an average effect of all the 

electrons (68). UeN is the electron – nuclei interaction and Uxc is the exchange – correlation 

potential (66).    
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6.3.2 Classical Molecular Dynamics 

Unlike ab initio molecular dynamics, classical MD uses Newton’s Equations of Motion 

instead of Schrödinger equations. This replacement is only possible if the de Broglie thermal 

wavelength is significantly smaller than the distance between two atoms, with the exception of 

light elements. MD solves the equations of motions (EOM) for a system containing N particles 

(Equation 10). 

Equation 10:  �̇� =  −∇𝑞𝑈(𝑞) 

      

The interatomic potential (U(q)), along with atomic mass is the only material dependent 

information in the equations of motions. To solve this equation, constraints (referred to as 

ensembles) are imposed on the system. These ensembles exists as a function of phase space, which 

is defined as a system containing N classical particles with mass m in a six dimensional space, 

composed of velocities (𝑞)̇ and positions (p) for all particles (𝑝 = 𝑚�̇�) (69). Within this phase 

space are macro- and micro-states. A macrostate defines a large system whose quantities (such as 

volume) are averaged over its microscopic constituents, whereas, a microstate defines a system 

based on the properties of an individual particle (69).  It is assumed that, within MD simulations, 

a unique point in phase space  {𝑞, 𝑝} is used to define a microstate. The total number of states in 

the ensemble is defined by the density of states. The number of microstates per unit phase space 

volume is represented by the density of states 𝜌({𝑞, 𝑝}) (69) with properties below in Equation 11, 

where the total number of state is denoted as 𝑥 ≡  {𝑞, 𝑝}. 

 

    Equation 11: {
𝜌(𝑥, 𝑡) ≥ 0

∫𝑑𝑥𝜌(𝑥, 𝑡)
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The concept of macrostates and microstates is depicted in Figure 42, where the box of 

atoms is a macrostate such as temperature, volume and/or pressure and the microstate is the state 

of the atoms in the box (i.e. their kinetic energy and position) (70).  

 

Figure 42. A simplified representation of macro- and microstates. 

 

Thermodynamic properties of a system is depended on the availability of microstates which 

experience fluctuations and variations. Thus, it is important to use a large system in which 

satisfactory averages of macrostate quantities can be obtained. These averages are called ensemble 

averages.  

Ensemble averages are possible because of the Liouville’s theorem which states that the phase 

space volume is preserved in time, given that the collection of particles evolved based on 

Hamilton’s equations of motion (69, 71); the shape of the collection of particles can change, but 

not it’s volume (72). The Liouville (Equation 12) , a law of conservation states that the convection 

derivative of density () is zero and that the density of states is constant in time. 
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Equation 12: 
𝜕𝜌

𝜕𝑡
+ �̇�  ∙  ∇𝑥𝜌 = 0 

 

𝑑𝜌(𝑥)

𝑑𝑡
= 0 

Based on the fundamental principles outline above, MD implements several statistical 

ensembles such as microcanonical (NVE) ensemble, canonical (NVT) ensemble, isenthalpic – 

isobaric (NpH) and the isothermal-isobaric (NpT) ensemble.  

1. Microcanonical (NVE) ensemble  

The system in the microcanonical ensemble, also referred to as NVE, is isolated from 

its environment and is constrained by a constant number of particles N, a fixed volume V, 

and a constant energy E (69). That is, the system is surrounding by adiabatic wall (68) 

Given long enough, the system will obtain thermodynamic equilibrium and entropy is 

maximized as a result of total energy conservation. NVE, in phase space is synonymous 

to the system lying on a constant energy surface, defined by Equation 13: 

Equation 13: 𝐸 <  ℋ(𝑥)  < 𝐸 +  𝛿𝐸 

In phase space, there are small fluctuation energy (𝛿𝐸) fluctuations due to small 

variations along the trajectory. The system occupies a total phase volume (Ω) with points 

(𝑥′) that satisfies the condition in Equation 13. Total phase volume is defined by (Equation 

14): 

Equation 14: Ω = 
1

𝑁!ℎ3
 ∫
𝑥′
𝑑3𝑥 = 

1

𝑁!ℎ3
 ∫
{𝑞′,𝑝′}

𝑑3𝑞𝑑3𝑝 

The density of states is only defined by (Ω) and becomes (Equation 15): 

Equation 15: 𝜌(𝑥) =  {
1

Ω(𝑁,𝑉,𝐸)
, 𝑖𝑓 𝐸 <  ℋ(𝑥)  < 𝐸 +  𝛿𝐸

0, 𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒
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This equation implies that on the constant energy surface, all density of states are 

constant (69). Therefore, the number of accessible states in the phase space is directly tied 

to the volume occupied by the system. This enables the use of (Ω) in Boltzmann’s equation 

to define entropy (Equation 16). An important implication of this is that the entropy of a 

macrostate depends on the number of its microstates, as well as the increase in volume. 

Equation 16: 𝑆 = 𝑘 𝑙𝑜𝑔Ω =  −𝑘𝑙𝑜𝑔𝜌(𝑥) 

2. Canonical ensemble (NVT) 

The canonical ensemble is connected to a heat bath and is defined by having a fixed, 

volume, temperature and fixed number of particles. The systems of the ensemble is 

surrounded by an isothermal wall that allows for temperature (not particles) to flow 

through the systems, resulting in a distribution of energy amongst the group of systems 

(72).  Thus, the equilibrium state of the system is written in terms of temperature and 

not energy. Consider the Hamiltonian function, where q and p are not dependent on one 

another, the momentum and configuration aspects of the integral are separated 

(Equation 17): 

Equation 17: 𝑍 =  
1

𝑁!ℎ3𝑁
 [∫ exp (𝛽∑

𝑝2

2𝑚𝑖 ) 𝑑3𝑁𝑝]  [∫ exp(𝛽𝑈(𝑞)) 𝑑3𝑁𝑞] 

3. Isenthalpic – isobaric (NpH) ensemble  

The isenthalpic -isobaric ensemble is defined by Equation 18, where the number of 

particles (N), pressure (p) and enthalpy (H) of the system is fixed.  

Equation 18:  𝑝(𝑥)  =  𝛿 (ℋ (𝑥) + 𝑝𝑉 − 𝐻) 

4. Isothermal – isobaric ensemble 

The isothermal – isobaric ensemble is defined by Equation 19, where the number 

of particles (N), pressure (p) and temperature (T) is fixed.  
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Equation 19: 𝑝(𝑥) = 𝑒(𝛽(ℋ(𝑥)+𝑝𝑉)) 

 

From the ensemble averages (Equation 20) , observables can be calculated. 

Equation 20: 〈𝑓〉 =  
∫Ω  𝑓(𝑥)𝜌(𝑥)𝑑

3(𝑥)

∫Ω 𝜌(𝑥)𝑑
3𝑥

 

The basic assumption of MD is that of ergodicity, meaning if a system has enough time, 

the atoms will visit each microstates so we can approximate ensemble averages by calculating time 

averages. But before utilizing Molecular Dynamics simulations, there are other assumptions that 

needs to be accounted for. These assumptions are: 

1. There is a conservation of total mass – there is no mass change so no atoms are leaving nor 

entering the simulation box. 

2. The nuclei are heavier and slower than the electrons so all molecules and atoms are 

interacting at a mass point. A mass point (particle) is a mathematical model of a body 

whose dimension is ignored when describing its motion. An example of that is a planet of 

a solar system in their motion about the sun. 

3. Integration of Newton’s equations of motion is performed until a specified time. To enable 

this, every atom must be given an initial position and velocity. Interatomic potentials are 

used to calculate the force between the atoms, and at every interval a new position and 

velocity is calculated which moves the atom into a new state. 

6.4 Methodology 

6.4.1 Interatomic potentials 

The interactions between atoms are described by their interatomic potentials, defined by a 

potential function U(r1….rN), which shows that the potential energy of a system is dependent 

on the atoms coordination in a system with N atoms (73). The interatomic potential assumes 
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the Born – Oppenheimer approximation, which states that electrons adjust their positions at a 

much faster rate than the rate the atomic nuclei is moving (74). This leads to two separate 

Schrödinger equations for electrons (Hel) and the nuclei (Hi): 𝐻𝑒𝑙𝜙(𝑟𝛼;𝑅𝑖) = 𝑈(𝑅𝑖)𝜙(𝑟𝛼;𝑅𝑖) 

and 𝐻𝑖Ξ(𝑅𝑖) = 𝐸Ξ(𝑅𝑖) respectively (Equation 21 and Equation 22). 

Equation 21: 𝐻𝑒𝑙 =  ∑
𝑃𝛼
2

2𝑚
+
1

2
 ∑

𝑍𝑖𝑍𝑗𝑒
2

𝑅𝑖⃑⃑⃑  − 𝑅𝑗⃑⃑  ⃑
+  

1

2
 ∑

𝑒2

|𝑟𝛼⃑⃑  ⃑− 𝑟𝛽⃑⃑  ⃑|
− ∑

𝑍𝑖𝑒
2

|𝑅𝑖⃑⃑⃑  − 𝑟𝛼⃑⃑  ⃑|
𝑖𝛼𝛼𝛽𝑖𝑗𝛼  

 

Equation 22: 𝐻𝑖 =  ∑
𝑃𝑖
2

2𝑀𝑖
+ 𝑈 (𝑅𝑖)𝑖  

 

The interatomic potential is U(Ri) and accounts for all the electronic effects, depends on the 

nuclei coordination (Ri) and is then incorporated into and 𝐻𝑖Ξ(𝑅𝑖) = 𝐸Ξ(𝑅𝑖) for the nuclei’s 

movement (73, 74).  

Typically, the interatomic potential – which describes how the atoms will interact in relation 

to each other is used, however it can be computationally expensive and diminishingly rewarding 

to calculate the atomic interactions between every atom being simulated. Thus, only if the atoms 

are separated by within a certain distance known as the cut off radius, RC, they will be considered 

(75). Thus, RC is the distance between the 1st and 2nd nearest neighbors, so only the 1st nearest 

neighbors are considered. The interatomic potential is critical because it directly ties to the 

behavior of the material. Thus, in choosing the interatomic potential it must be accurate 

(reproducible materials behavior for each simulation), transferable (used for multiple applications) 

and time-efficient. The interatomic potentials used in this work are the Ionic potential, 

Buckingham Potential and the Morse Potential.  

6.4.1.1 Ionic potential 

The ionic potential is represented by the Coulombic interactions of the charges between 

two ions. This interaction can be long range, short range, attractive or repulsive in nature. This 
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potential is typically added to another type of potential to account for the polarization and 

interaction between the charges of the ions in the system (73). The Coulombic interaction is 

described by Equation 23. 

Equation 23: 𝑈 (𝑟𝑖𝑗) =  
𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
 

 

where, rij is the distance between the ith and jth ion and q is the associated charge for the both 

ions.  

6.4.1.1.1 Ewald Summation 

The Ewald summation method was implemented to calculate the long-range Coulombic force 

by decomposing the original sum terms into two (76, 77). This is done using a convergence 

function (r) and is given by Equation 24. 

Equation 24: 𝑈𝑛 =  
1

2
∑  ∑

𝐵𝑖𝑗

|𝑟𝑖𝑗+𝑙|
𝑛 =  

1

2
 ∑ ∑

𝐵𝑖𝑗ϕ(𝑟𝑖𝑗)

|𝑟𝑖𝑗+𝑙|
𝑛 +  

1

2
 ∑ ∑

𝐵𝑖𝑗[1−𝜙(𝑟𝑖𝑗)]

|𝑟𝑖𝑗+𝑙|
𝑛

𝑁
𝑖𝑗𝑙

𝑁
𝑖𝑗𝑙

𝑁
𝑖𝑗𝑙  

 

 where, rij is the atomic distance, l is the lattice vector and Bij is the potential coefficient. 

The goal of using Ewald summation is to obtain short– and long–range potential term which 

quickly converges in real and reciprocal space respectively (77). A complete derivation of the 

Ewald summation is given elsewhere (76).  

6.4.1.2 Buckingham potential 

The Buckingham potential (referred by the Born - Mayer model) describes both long–range 

interaction (electrostatic interaction between two ions) and short–range interaction (refers to very 

small separation between the ions) (78). Born – Mayer represented short–range interactions by 

Equation 25: 

Equation 25: 𝜙𝑖𝑗 = 𝐴𝑒
−
𝑟𝑖𝑗
𝜌  
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where,  and A are variable parameters. This is then combined with the repulsive terms of the 

Leonard-Jones potential and the attractive interactions of Van der Waals with a rij
-6 dependence to 

get (Equation 26): 

Equation 26: 𝜙
𝑖𝑗
=  

𝑏

𝑟𝑖𝑗
𝑛 − 

𝐶

𝑟𝑖𝑗
6  

where, n is usually 12. But it is necessary to have more flexible exponential parameters which 

can be adjusted to match experimental data. As result, the Buckingham potential was developed 

(Equation 27): 

Equation 27: 𝜙
𝑖𝑗
= 𝐴𝑒

−
𝑟𝑖𝑗

𝜌 − 
𝐶

𝑟𝑖𝑗
6  

A,  and C are the flexible parameters informed by experimental data (73, 78).  

6.4.1.3 Morse potential  

Morse potential was developed as a better approximation to the Harmonic oscillator because 

it accounts for the dissociation energy obtained from the breaking of bonds(79). It is suited from 

attractive interactions due to chemical bonding (73).  The image below in Figure 43 is taken from 

an open source library and prepared by Dr. Peter Kelly at the University of California, Davis to 

described Morse potential compared to the harmonic oscillator.  

 
Figure 43. Comparison between the Morse potential and the Harmonic Oscillator (79). 
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Equation 28 describes Morse potential, where RC is the cut off distance, D0 is the dissociation 

energy when the vibrational level is lowest, r0 is the equilibrium bond length, r is the final stretched 

distance and  is a parameter used to describe the width of the potential well (80) (3, 79). 

Equation 28: 𝐸 =  𝐷0 [𝑒
−2𝛼(𝑟−𝑟0) − 2𝑒−𝛼(𝑟−𝑟0)]           𝑟 <  𝑟𝑐  

The drawback to using pair potentials such as Morse and Buckingham potential is that for 

metals, in these potentials, environmental dependence and bond directionality is not taken into 

account. For example, as an area within the system becomes crowded, the bond strength of any 

two atoms should decrease according to Pauli’s Exclusion principle. However, these potentials do 

not consider this. To solve this issue, Embedded – atom model was developed to account for the 

strength of individual bonds based on local density and is especially suited for computer modeling 

of surfaces and materials defects (79, 81).  

6.4.1.4 The Embedded – Atom Model (EAM) 

The EAM method is based on local density which means individual bond strength is based on 

their local environments (73). Thus the total energy of the system is (Equation 29 and Equation 

30): 

Equation 29: 𝐸𝑡𝑜𝑡 =  ∑ 𝐸𝑖𝑖  

Equation 30: 𝐸𝑖 =  𝐹𝑖(𝜌𝑖) + 
1

2
 ∑ 𝜑

𝑖𝑗
 (𝑟𝑖𝑗)𝑗 ≠𝑖  

where F is the associated energy of an atom i in its local density  and the electrostatic forces 

between the atoms are described by .  

 Lastly, the local density (Equation 31) is a sum based on the functional term f which 

accounts for the electronic density at the site of atom i  and its distance from atom j (separated by 

rij).  
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Equation 31: 𝜌𝑖 =  ∑ 𝑓𝑗(𝑟𝑖𝑗)𝑗 ≠𝑖  

In contrast to the pair potentials, EAM has a greater advantage because it illustrates how 

coordination affects the bond strength. By combining the equations above, it is evident that the 

bond strength decreases and the bond length increases as the coordination increases (73).  

6.4.2 Potential shifting 

For the short – range potentials discussed above such as the Buckingham potential, there is an 

immediate discontinuity at the cut off, leading some discontinuity. To ensure that the atoms 

experience a smooth discontinuity, instead of moving in and out at the cut off, potential shifting 

have been employed (77). Potential shifting is a compensation method where an extra energy term 

is added to the potentials at the cut off but does not affect the trajectory of the atoms nor their pair 

forces, however, it is evident in the thermodynamic output (3).   

6.4.3 Ionic Polarization 

Thus far, the interatomic potentials discussed does not completely represent a  ‘real’ system 

as the polarization of the electron clouds were not considered. The interatomic interactions can be 

significantly affected by ionic polarization, therefore it is important to account for this in the 

simulation model. There are two main ways in which ionic polarization is account for in Molecular 

Dynamic simulations: the Shell Model and the Partial Charge Model.  

6.4.3.1 The Shell Model 

The shell model was first developed by Dick and Overhauser in 1958 to describe the 

electrostatic interactions between two ions (82). This model uses two components: a spherical shell 

and a core to replace a single ion core. The spherical shell (with a negative charge Y) does not 

have any mass and all the mass is concentrated in the core with a positive charge of X, both of 
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which are separated by a harmonic spring with constant  (77, 83, 84). This results in a total charge 

of the ion equals to X + Y.  The shell model is illustrated in Figure 44. 

 

 

Figure 44. The Shell Model. 

 

The shell model assumes that the only the shell charge and the harmonic spring constant 

affects the degree of polarization as results in an ionic polarizability following Equation 32. 

Equation 32: 𝛼 = 
1

4Π 0
 
𝑌2

𝜅
 

Y has the unit e and  has the units eVÅ-2.  The shell model also assumes that the shell is 

synonymous to valence electrons because forces are acting on the shell and not the core due to 

short range interactions (83, 84). When using the shell model in Molecular Dynamics, caution 

must be taken to avoid attributing unrealistic velocities to the shell. This problem can be solved by 

providing the shell with a very small amount of mass or optimizing the shell model for each 

timestep. However, this along with the calculations related to the harmonic spring constant results 

in a complicated short - range interaction calculation (77, 85, 86).  
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6.4.3.2 The Partial Charge Model 

R.T Sanderson (1959) defined partial charge as a “ quantitative estimate of the relative extent 

to which differences in electronegativity of the atoms before compound formation have altered the 

electronic field about the nucleus of the atom in a compound” (87). That is, instead of a formal 

charge on the ions, partial charge could be used to model the chemistry of a material. Though 

partial charge is an approximation, it provides a good description of the dipole moment and electric 

field of a molecule.  

6.4.4 Periodic Boundary Conditions 

For material simulations where surface conditions are not of interest, periodic boundary 

conditions (PDC) are used. PDC is useful as it enables the simulation of a small part of a much 

larger system where one unit cell is replicated to produce mirror image of itself, resulting in an 

infinite lattice. As a result, an atom is interacting with the other atoms in its simulation box as well 

as mirrored versions of itself. The atoms in the primary box and the replicated boxes have the same 

number of atoms, momentum, position, shape and size (73, 88). An important consideration for 

using PDC is the limitation of the minimum image criterion, which states that an atom i cannot 

interact with itself and is only allowed to interact with one image of atom j (89). For this to be true 

the size of the computational cell must be twice the cut off radius, RC (73). An illustration of system 

of atoms under periodic boundary conditions is shown below in Figure 45, the primary box of 

atoms is highlighted with purple in the middle of the periodic cell.  
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Figure 45. Representation of periodic boundary conditions. 

6.4.5 Time Integration 

A time integration algorithm was developed to ensure energy conservation of the system that 

is sometimes removed from the Newton properties in MD simulations. To be able to have finite 

timestep and time irreversibility, time reversible algorithms have been developed (77). There are 

several time algorithms that have been developed to maintain energy conservation of the system 

such as the Leap- Frog algorithm, Verlet algorithm and the Velocity Verlet algorithm. 

6.4.5.1 Leap – Frog Algorithm 

Using the Leap – Frog algorithm, the velocities are calculated first at 𝑡 +  
1

2
𝛿𝑡 then leaps over 

position r at 𝑡 +  𝛿𝑡. The positions are then leaped over the velocities. This is a disadvantage as 

the positions and velocities are calculated separately even though the calculations of velocities are 

explicit (90). The velocity at time t is (Equation 33): 

Equation 33: 𝑣(𝑡) =  
1

2
[𝑣 (𝑡 −

1

2
𝛿𝑡) + 𝑣 (𝑡 + 

1

2
𝛿𝑡] 
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6.4.5.2 Verlet Algorithm 

The verlet algorithm is a two-step method where the position is calculated twice, once at time 

t and again at 𝑡 −  𝛿𝑡. The position of the atom is given by Equation 34 , where r is the position, a 

is the acceleration and 𝑂(𝛿𝑡) is the velocity error. 

Equation 34: 𝑟(𝑡 + 𝛿𝑡) = 2𝑟(𝑡) − 𝑟(𝑡) − 𝑟(𝑡 − 𝛿𝑡) +  𝛿𝑡2𝑎(𝑡) + 𝑂(𝛿𝑡4) 

However, accounting for only the positions does not fulfill the ergodic requirement of MD 

simulations (90). Thus, the velocities of the atoms can be calculated using Equation 35. 

Equation 35: 𝑣(𝑡) =  
𝑣(𝑡+𝛿𝑡)−𝑟 (𝑡−𝛿𝑡)

2𝛿𝑡
 

Even though the addition of the velocity equation enables the algorithm to account for the atom’s 

velocity, the Verlet algorithm is not completely sufficient because the error associated with the 

step size is larger than that of the positions. Therefore, the Velocity Verlet algorithm was 

developed to resolve this issue (78).  

6.4.5.3 Velocity Verlet Algorithm 

The Velocity – Verlet algorithm is an improvement on the Verlet algorithm (78, 90) and the 

velocities, positions and accelerations are calculated at 𝑡 + ∆𝑡. The velocity is given by Equation 

36: 

Equation 36: 𝑣 (𝑡 +
𝛿𝑡

2
) = 𝑣(𝑡) +  

1

2
 𝛿𝑡 𝑎(𝑡) 

The position, r, is then calculated using Equation 37: 

Equation 37: 𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝑣 (𝑡 + 
𝛿𝑡

2
) 𝛿𝑡 

From the potential, the acceleration can be calculated using the velocity (Equation 38): 

Equation 38: 𝑣(𝑡 + 𝛿𝑡) = 𝑣 (𝑡 +
𝛿𝑡

2
) +  

1

2
 𝛿𝑡 𝑎(𝑡 + 𝛿𝑡) 
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6.4.6 Energy Minimization 

Energy minimization is done to find the configuration of the system that has the lowest energy. 

There are some considerations for conducting energy minimization of a system: 

1. Energy minimization is done at 0K, this can cause problems for structures stable at 

much higher temperatures.  

2. An initial configuration is needed based on the previous models and experimental data. 

3. The goal of energy minimization is to obtain a global minimum, however, the 

minimization technique used may only locate the local minima, instead of the global 

minimum. In this work, it is assumed that the starting configuration is very stable and 

the thus the minimum energy obtained is the global minimum energy for the system.  

In general, minimization is achieved when the force acting on the atoms are zero and this is 

done at every timestep where the energy is reduced at every iteration. There are several 

minimization techniques that can be used such as Steepest Descent, Newton – Raphson and 

Conjugate Gradient (77, 91). 

6.4.6.1 Newton – Raphson Minimization 

Newton – Raphson is a simple minimization second order technique that uses Taylor 

expansion of the surface potential energy. The  Newton – Raphson minimization is given by 

Equation 39. 

Equation 39: 𝑥(𝑛+1) = 𝑥𝑛 − 𝐻𝑖𝑔𝑖 

xn+1 is the position vector at the nth iteration, gi is the vector’s first derivative and H is the 

Hessian matrix (inverse matrix of the second derivative) (84).  A major benefit of using this method 

is that it has a fast convergence. However, it calculates Hessian matrix at each iteration which 
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makes it computationally very expensive (92).  Improvement to the Newton – Raphson method is 

the quasi – Newton methods. 

6.4.6.2 Steepest Descent Minimization 

The steepest descent (also referred to as gradient descent) algorithm finds the minimum 

energy of the system by taking the steepest direction at every iteration and continues to do this for 

a specified number of timesteps (93). Consider the function (Equation 40) below where the first 

step is taken in the opposite direction of the local gradient (94).  

Equation 40: 𝑥 𝑛+1 =  𝑥 𝑛 − 𝑘𝑛∇𝑓(𝑥 𝑛) 

where f is a function representing the scaler objective function. The steepest gradient method is 

attractive to use in MD simulations because it is easy to implement, inexpensive and will 

eventually converge. However, it has a few drawbacks, it is hard to predict when this convergence 

will occur, slows down as it approaches the minimum and will always converge at the nearest local 

minimum (95). This method also suffers from oscillations towards the minimum and tends to be 

less efficient as it tries to approximate the minimum in all directions (91).  

6.4.6.3 Conjugate Gradient (CG) Minimization 

Much like the Steepest Descent method, the conjugate gradient method takes the initial step 

in the steepest direction (largest gradient) but uses information from previous direction to decides 

on the next (91). By doing this, the minimum is achieved much faster. The CG method is most 

used because it is an iterative method that can solve linear equations in a large system (96).  The 

direction in the CG method is shown in Equation 41 where Fn is the force, gn is the energy gradient 

and n represents each iteration. After each iteration, the next gradient is determined by a scalar 

coefficient n, of the previous gradient.  

Equation 41: 𝐹𝑛 =  −𝑔𝑛 +  𝛾𝑛𝐹𝑛−1 𝑎𝑛𝑑 𝛾𝑛 =  
𝑔𝑛  ∙ 𝑔𝑛

𝑔𝑛−1 ∙ 𝑔𝑛−1
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The positions of each atom is updated according to Equation 42 and n is the minimization step 

size (77).   

Equation 42: 𝑟𝑛+1 =  𝑟𝑛 + 𝛼𝑛�̂�𝑛 

The conjugate gradient minimization method is chosen for this work as it is an improvement on 

the Steepest Descent method (77) and is computationally less expensive than the Newton–Raphson 

minimization. 
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7 Results: Modeling and Simulation 

Simulations in this work was carried out using Large Scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS), a classical molecular dynamics code used to simulate materials’ 

behavior and is hosted by Sandia National Laboratory (3). As previously mentioned in the 

introductory chapter, the aim of conducting theoretical simulations is to understand the 

thermodynamic properties of CoAl-spinels using a classical molecular dynamics approach. 

However, this proved to be a challenged because 1) The foundation of classical molecular 

dynamics is the use of interatomic potentials (97), which have not been completely developed for 

a CoAl-spinel system and 2) The interatomic potentials (or combination of them) need to be 

compatible with the framework of LAMMPS. 

 Within any system, interactions between all the various atoms must be accounted for, namely, 

the interactions between Co-Co, Co-Al, Co-O, Al-Al, Al-O and O-O. The EAM method is most 

widely used for metal and alloy system which led to the development of the  Interatomic Potentials 

Repository hosted by National Institute of Standards and Technology (NIST). This repository 

contains a large number of EAM potentials including Co-Co, Co-Al, Al-Al, Al-O and O-O (98). 

However, the interatomic potential for Co-O using the EAM method has not been researched and 

developing an EAM potential for this interaction would require fitting to first-principle and 

experimental data, a task beyond the scope of this dissertation.  

Other interatomic potentials such as the Buckingham and Morse potential posed a similar 

problem; either one or more interatomic potential parameters for cobalt aluminate system has not 

been studied. However, pair potentials parameters are dependent upon the interaction between the 

ionic species, such as their interatomic distance, effective ionic radius and effective charges (61, 

73), an indication that fitting can be done based on the parameters of a similar spinel system (such 
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as MgAl-spinel). Normal spinel systems such as MgAl2O4 and ZnAl2O4 have been more widely 

modeled using classical molecular dynamics than CoAl2O4 (59, 61, 99-101) and can serve as a 

basis for fitting pair potentials parameters for CoAl-spinel.  

The success of fitting potential parameters highly depends on the MD platform used and the 

its components such as the force calculations, time integration calculations and ensemble 

constraints. It is equally important to create a reproducible model large enough to produce accurate 

results. Therefore, size of the system, convergence of thermodynamic outputs, time step and the 

output file of the model was reviewed and adjusted throughout the simulation until proper data 

was produced. 

7.1 Spinel Crystal Structure 

The normal spinel structure is AB2X4 where A is a divalent cation (2+) and B is a trivalent 

cation (3+) that occupies 1/8 tetrahedral and ½ octahedral positions respectively. Spinel belongs to 

the Fd3m space group and is a large system with eight formula units per cubic unit cell. This results 

in a unit cell with eight A atoms, 16 B atoms and 32 cations, resulting in a total of 56 atoms per 

unit cell (33, 102). The unit cell of MgAl-spinel is depicted below in Figure 46 and the fractional 

coordinates reported by Sickafus et al. (1999) can be found in Appendix A (33).  

 

Figure 46. A. MgAl-spinel unit cell, B. Mg2+ atoms in their tetrahedral position and C. Al3+ atoms in their octahedral 

positions. models in this work was done under PDC conditions and contained 3584 atoms. 
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7.2 Parameters of the MD model 

7.2.1 Force Calculations 

In a molecular dynamics simulation, force calculations using Newton’s equations of motions 

are calculated every timestep to update atomic positions. Recall Newton’s equation of motion, for 

a system with N atoms with atom i with atomic mass mi and acceleration ai, there is a force Fi 

acting on each atom as the atoms in the system interacts with each other (Equation 43).  

Equation 43: 𝐹𝑖 =  𝑚𝑖𝑎𝑖 

The Hamiltonian (H) equation of motion is then solved to obtain the momentum (𝑝�̇�) and position 

(𝑟�̇�) of each of the atoms (Equation 44). 

Equation 44: 𝑝
�̇�
=  

−𝜕𝐻

𝜕𝑟𝑖
 𝑎𝑛𝑑 𝑟�̇� =  

𝜕𝐻

𝜕𝑝𝑖
 

As a function of momentum and position, the Hamiltonian becomes Equation 45. 

Equation 45: 𝐻(𝑝𝑖 , 𝑟𝑖) =  ∑
𝑝𝑖
2

2𝑚𝑖

𝑛
𝑖=1 + 𝑉(𝑟𝑖) 

To obtain the force on each atom, the derivative of energy is calculated with respect to the atomic 

position (Equation 46). 

Equation 46: 𝐹𝑖 =  𝑚𝑖𝑎𝑖 =  −∇𝑖𝑉 =  −
𝑑𝐸

𝑑𝑟𝑖
 

The position of each atom is updated at every timestep which results in the position of each atom. 

This position is calculated from the velocity associated with each atom which is calculated from 

the accelerations of each atom. This enables MD to calculate real behavior of a system. There are 

two assumptions for the use of Newton’s equations of motions (90): 

1. Time reversibility – the physics of the system is independent regardless of the direction of 

time (t       -t).  

2. There is total energy conservation of the system due to the conservation of the Hamiltonian.  
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7.2.2 Interatomic Potentials 

The simulations in this work was carried out using interatomic potentials developed by 

Morooka et al. (1999) (59) according Equation 47. 

      

Equation 47. Interaction functions between the pairs of atoms. 

In this form, the function in Equation 47 was not compatible with the LAMMPS frame 

work and was split into three different components described by LAMMPS documentation: 

Coulomb, Buckingham and Morse potentials. The coulombic force (Equation 48) is described by 

the LAMMPS coul/long pair style which uses the Ewald method in conjunction with the kspace 

command to evaluate long range interactions (r  rC) (3).  

Equation 48: 𝐸 =  
𝐶𝑞𝑖𝑞𝑗

𝜖𝑟
, 𝑟 <  𝑟𝐶  

where, qi and qj are charges of the ions. 

To evaluate the Buckingham potential, Equation 49 was used. 

Equation 49: 𝐸 = 𝐴𝑒
−𝑟
𝜌 − 

𝐶

𝑟6
, 𝑟 <  𝑟𝐶  

Lastly, the Morse potential was solved using Equation 50. 

Equation 50: 𝐸 =  𝐷0 [𝑒
−2𝛼(𝑟−𝑟0) − 2𝑒−𝛼(𝑟−𝑟0)], 𝑟 <  𝑟𝐶 

To convert between Equation 47 and the sum of the three equations above, the following was used 

(f0 is a constant used for unit adaptation with a value of 6.9511*10-11N) (59): 

𝐴 =  𝑓0(𝑏𝑖 + 𝑏𝑗) exp (
𝑎𝑖+ 𝑎𝑗

𝑏𝑖+ 𝑏𝑗
), 

𝜌 =  𝑏𝑖 + 𝑏𝑗 , 𝛼 =  𝛽𝑖𝑗 , 𝑟0 =  𝑟𝑖𝑗
∗ , 𝐶 =  𝑐𝑖𝑐𝑗 
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Coefficients of the ionic species and ionic bonds are represented by the parameters 1) ai,j, bi,j and 

ci,j and 2) D0,  and r0 respectively. For the same ionic species, these parameters are not considered. 

The formula for the force between two atoms is the negative derivative of the sum of the three 

potential terms described above. 

7.2.3 Initial Velocity 

LAMMPS uses the Velocity-Verlet algorithm as the integrator which requires initial 

velocities of the atoms to be defined. Recall that with this algorithm, it is necessary to carry over 

information from prior simulations which is define by Equation 51 where mi is the atomic mass, 

vi is the velocity, N is the number of atoms and kB is Boltzmann constant (3, 77) .  

Equation 51: ∑ 𝑚𝑖𝑣𝑖
2 = 3𝑁𝑘𝐵𝑇

𝑁
𝑖=1  

7.2.4 Timestep 

The timestep chosen is an essential part of the simulation as it is the period of time in which 

forces are recalculated for the duration for the simulation. In general, the chosen timestep should 

be long enough for the system to visit the entire phase space within a given ensemble (90). The 

balance between computation time and accuracy of the model must be considered and evaluated 

by investigating the convergence output. The simulation was done with a timestep of 1fs for 5000 

timesteps. 

7.3 Feasibility study of MgAl-spinel 

To model the MgAl-spinel system, potential energy parameters were based on data reported 

by Morooka et al. (1999) (59) found in Appendix B. To account for ion polarizability, the particle 

charge model was applied and accounted for 60% of full charge for each atom. A global cut off 

radius of 4.7Å was applied.  
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7.3.1 Energy Minimization: Conjugate Gradient 

Energy minimization using conjugate gradient for was performed for the simulation to identify 

the lowest energy configuration of the model and its associated lattice parameter. In LAMMPS, 

the conjugate gradient minimization is carried out using the Polak-Ribiere (PR) method, which is 

a modified form of the conjugate gradient algorithm. The PR method is known to be very effective 

(103) and modifies the conjugate gradient algorithm by determining how the algorithm is restarted 

if progress comes to an halt, as well as, change the direction selection process (3). The algorithm 

for the energy minimization of Mg-Al system using PR modified conjugate gradient is below 

(modified from reported minimization (104)) and was carried out at 0K with a system of 3584 

atoms. 

#metal units: picoseconds, angstroms, eV, Kelvin, bars 

units          metal   

atom_style     charge 

atom_modify    map array 

boundary       p p p 

atom_modify    sort 0 0.0 # Nfreq binsize 

newton   on 

 

# Variable Setting 

variable  k loop 11 

variable  a equal 7.7500+0.0500*$k  

 

shell   py/dupe_lammps_model.py --in 

py/models/MgAl2O4_unitcell_fractional_coords.txt --dupex 1 --dupey 1 --dupez 1 --scale $(34) -

-out py/models/MgAl2O4_unitcell.txt  

read_data      py/models/MgAl2O4_unitcell.txt 

 

replicate 4 4 4 

 

mass           1  24.305 

mass           2  26.982 

mass           3  15.999 

 

# Charge values are required for Coulomb potential term. 

#  'units metal' uses charge units of multiple of electron charge. 

#  Charge values are stored in the third column of the model file. 
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#velocity       all create $t 2952793 mom yes rot yes dist gaussian 

kspace_style ewald 1E-4 

pair_style     morooka 4.7 

#pair_coeff    type1   type2 d0      alpha      r0             A            rho      C      

pair_coeff  1 1 0 0 0 99.674        0.36     0.0 

pair_coeff  1 2 0 0 0 158.531      0.29     0.0 

pair_coeff  1 3      1.0195    2.0      1.80       236.464      0.36     0.0 

pair_coeff  2 2 0 0 0          366.084      0.22     0.0 

pair_coeff 2 3      0.94056 2.0      1.80        463.295      0.29     0.0 

pair_coeff 3 3         0.0      0.0        0.0        560.979      0.36   4.2159 

pair_modify shift yes 

neighbor        2.0 bin 

neigh_modify  every 1 delay 10 check yes 

 

# Morse potential parameters (=0 between like atoms) 

# d0 : D_{ij}. energy units (metal:eV, morooka: kJ/mol) 

# alpha : equals to beta_{ij}; metal: \AA, morooka: nm^{-1} 

# r0 : r^{*}_{ij} convert to \AA from nm 

# Buckingham parameters: 

# A : f_{0} (b_{i} + b_{j}) exp( (a_{i} + a_{j})/(b_{i} + b_{j}) )  

#  convert to eV 

# rho : (b_{i} + b_{j}) * 10 

#  convert to \AA from nm 

# C : c_{i} * c_{j} 

#  convert to \AA and eV from (10^{-3} nm^{3} kJ^{1/2}/mol^{1/2} 

#  --> C = c_{i} * c_{j} * 1.04E-2 

 

####################### calculated properties SETTINGS ###################### 

compute peratom all pe/atom 

compute eatoms all reduce sum c_peratom 

compute csym all centro/atom fcc 

 

####################### thermal properties output on screen ######################  

timestep  1.0e-3 

thermo 10 

thermo_style custom step pe c_eatoms 

dump 1 all custom 100 dumps/MgAl2O4_dump.npt id type xs ys zs c_peratom 

 

####################### minimize the total energy ###################### 

min_style       cg 

minimize        1.0e-12 1.0e-12 1000 1000 

variable E equal "c_eatoms"  

variable N equal count(all) 

variable E_cohesive equal ${E}/${N} 

variable Pot_Eng equal pe 

print "${a} ${E_cohesive} ${Pot_Eng}" append Lat.dat 
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#Jump into next loop 

clear 

next k 

jump in_files/in.morooka_cg.txt 

 

The fractional coordinates used in this model were reported by the Materials Project (105) 

in Appendix C. To obtain the lattice parameter associated with the minimum lattice energy, the 

model above looped through several lattice parameter values. A theoretical lattice parameter of 

8.054Å was obtained by taking the derivative of the third polynomial equation (Figure 47).  

 
Figure 47. Conjugate minimization of MgAl-spinel. 

7.3.2 Convergence 

After the minimization, it is important to give the system time to converge at a higher 

temperature. By doing this, the system will equilibrate and perform better high temperatures. 

During this period, parameters of the system can be adjusted, such as the timestep and size of the 

system until sufficient equilibration occurs. The simulation was done using the NPT ensemble, 
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where the number of atoms, temperature and pressure were constant and was equilibrated at 300K. 

The input model file that is used to equilibrate the system is show below and is subsequently 

updated every 100K between the temperatures 300K–1800K and 1932K.  

# metal units: picoseconds, angstroms, eV, Kelvin, bars 

units          metal   

atom_style     charge 

atom_modify    map array 

boundary       p p p 

atom_modify    sort 0 0.0 # Nfreq binsize 

newton   on 

 

# temperature 

variable       t equal 300 

read_data      py/models/MgAl2O4_unitcell.txt 

replicate 4 4 4 

 

mass           1  24.305 

mass           2  26.982 

mass           3  15.999 

 

# Charge values are required for Coulomb potential term. 

#  'units metal' uses charge units of multiple of electron charge 

#  Charge values are stored in the third column of the model file 

 

velocity       all create $t 2952793 mom yes rot yes dist gaussian 

kspace_style ewald 1E-4 

pair_style   morooka 4.7 

#pair_coeff    type1 type2  d0   alpha  r0     A        rho      C     cut  

pair_coeff     1     1      0     0     0     99.674   0.36     0.0 

pair_coeff     1     2      0     0     0     158.531  0.29     0.0 

pair_coeff     1     3    1.023  2.0   1.80   236.464  0.36     0.0 

pair_coeff     2     2      0     0     0     366.084  0.22     0.0 

pair_coeff     2     3    0.9438 2.0  1.80    463.295  0.29     0.0 

pair_coeff     3     3     0.0   0.0   0.0    560.979  0.36     4.2159 

pair_modify shift yes 

 

# Morse potential parameters (=0 between like atoms) 

# d0 : D_{ij} energy units (metal:eV, morooka: kJ/mol) 

# alpha : equals to beta_{ij}; metal: \AA, morooka: nm^{-1} 

# r0 : r^{*}_{ij} convert to \AA from nm 

# Buckingham parameters: 

# A : f_{0} (b_{i} + b_{j}) exp( (a_{i} + a_{j})/(b_{i} + b_{j}) )  

#  convert to eV 
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# rho : (b_{i} + b_{j}) * 10 

#  convert to \AA from nm 

# C : c_{i} * c_{j} 

#  convert to \AA and eV from (10^{-3} nm^{3} kJ^{1/2}/mol^{1/2} 

#  --> C = c_{i} * c_{j} * 1.04E-2 

 

thermo         100 

thermo_style   custom step temp pe ke press vol etotal 

fix            1 all npt temp $t $t 0.01 iso 0.0 0.0 0.15 

fix_modify     1 energy yes 

timestep       1.0e-3 

neighbor       2 bin 

neigh_modify   every 1 delay 10 check yes 

dump          1 all atom 100 dumps/MgAl2O4_dump.npt 

run 5000 

write_restart restarts/MgAl2O4_restart.npt.* 

 

The output variables of under these conditions at 300K for every timestep is depicted in below 

in Figure 48. The outputs of temperature, pressure and volume are within reasonable oscillation 

around the expected value.  

 
Figure 48. Output values for MgAl-spinel system equilibrated at 300K. 
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7.3.3 Calculation of MgAl-spinel physical properties 

To validate the model parameters used in this simulation, several physical properties were 

calculated: the volume thermal expansivity (v), heat capacity (Cp) and the Bulk modulus (B). The 

volume thermal expansivity describes the expansion or contraction of a material (isotropic for all 

directions) due to changes in temperature. If pressure effects in a solid is ignored, the volume 

thermal expansivity a material described by Equation 52 (59): 

Equation 52: 𝛼𝑉 =  (
1

𝑉
) (

𝜕𝑉

𝜕𝑇
) 

The variation of internal energy as a function of temperature was used to calculate the heat 

capacity according to Equation 53: 

Equation 53: 𝐶𝑝 =  
𝜕𝐸

𝜕𝑇
 

The bulk modulus is a mechanical property of the material which describes its resistance to 

compression and was calculated according to Equation 54: 

Equation 54: 𝐵 = 𝑉0  
𝜕2𝐸

𝜕𝑉2
 

This equation of state corresponds to the lattice parameter at equilibrium, as well as, the volume 

of the unit cell for a system at zero pressure (58). Results for each of the physical properties are 

discussed below. 

1. Lattice Parameter: 

 

The lattice parameter obtained through this simulation is in good agreement with observed 

and calculated data reported by Morooka et al. (1999) (59), shown in Table 11. The calculated 

values from this work is very comparable to the calculated values by Morooka et al. (1999) which 

is an indication that the implementation of the potential parameters for MgAl-spinel within the 

LAMMPS framework is successful. To further test the model, several materials properties were 

calculated for comparison with reported data (59).  
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Table 11. Observed and Calculated lattice parameters as a function temperature compared to theoretical calculations 

from this work. 

Temperature (K) Lattice constant (Å) 

Observed Calculated Observed Calculated This work 

293 300 8.0806 8.0809 8.0740 

1933 1932 8.2065 8.2250 8.2308 

 

2. Volume thermal expansivity: 

The calculated of volume thermal expansivity was done in several steps. The first step was to 

plot the lattice parameter incrementally as a function of temperature based on the linear thermal 

expansion coefficient Equation 55, where L0 is the initial length (106).  

Equation 55: 𝛼 = 
1

𝐿0
 
Δ𝐿

Δ𝑇
 

Lastly, the linear thermal expansion coefficient is multiplied by 3 to get the volume thermal 

expansivity (V) vs. temperature plot below in Figure 49. 

 
Figure 49. Volume thermal expansivity of MgAl-spinel. 
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This data is consistent with values reported by Morooka et al. (1999), with the exception that, 

in this work, there is less difference seen in thermal expansivity around room temperature (59). 

However, both results from this work and the volume thermal expansivity reported by Morooka et 

al. (1990) differs significantly from the experimental data which was attributed to the MgAl-spinel 

non-configurational contribution of entropy at high temperature or Mg-Al short range order (59, 

107).  

3. Heat capacity: 

 

 The heat capacity is a thermodynamic property that describes the amount of energy added 

to the system due to the transfer of heat. It was calculated using the variation of the total energy of 

the system as a function of temperature (Equation 53). The heat capacity is the derivative of the 

energy vs. temperature plot in Figure 50. 

 

Figure 50. Total Energy vs. Temperature of the MgAl-spinel system 
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There is a linear relationship with small increases in energy as the temperature of the 

system increases and results in a specific heat of 0.598J/gK. This is not in agreement with 

observations made by Morooka et al. (1999) (59) but is consistent with reported values of heat 

capacity for MgAl-spinels (108). 

4. Bulk Modulus: 

The bulk modulus was evaluated at the minimum equation of state, defined by Equation 

54. It is the derivative volume of the unit cell as a function of cohesive energy show in the plot 

below (Figure 51). 

 

Figure 51.  Cohesive energy as a function the unit cell volume 
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Solving the derivative of the fitted polynomial in Figure 51, results in a bulk modulus of  188.6 

GPa (0.1264 eV/Å). This result is consistent with reported bulk modulus of MgAl-spinel, both 

experimentally and theoretically (58, 59).  

Overall, the implementation of reported pair potentials into the LAMMPS framework using 

Coulomb, Morse and Buckingham potentials was successful and provides the basis for developing 

fitting parameters for the Co-Al model.  

7.4 Fitting of Potential Model Parameters for CoAl-spinel 

Potentials for the Buckingham and Morse potential was developing through empirical fitting 

to reproduce crystallographic data of CoAl-spinel. The potential parameters for Al-Al, Al-O and 

O-O have been evaluated using values reported by Morooka et al (1999) (59). The  Morse potential 

parameters  and r0 used in this model are the same parameters Morooka et al. (1999) proposed 

(59) because Mg and Co have similar cation radii and it is not expected that the bond lengths 

between Mg-O and Co-O should change (21). The remaining potential parameters Co-Al, Co-O 

for Coulombic, Buckingham and Morse potentials were developed empirically using the MgAl-

spinel potential parameters as the initial values. The values were then changed incrementally 

between ±5% and ±25% of the initial MgAl-spinel parameters, this procedure done  similar to the 

recursive method (109). To minimize the difference between experimental and calculated values, 

fitting was performed until a close approximation to the target values were achieved. The cut off 

radius was also adjusted to account for the cobalt ion which simultaneously improved the 

convergence of the model parameters (i.e. pressure and temperature).  

In developing the potential parameters to describe the CoAl-spinel system, it was observed 

that the these potentials described below was necessary to represent the interactions of the atoms 

due to the ionicity effect of the oxygen atom. All the Morse potential parameters were all zero with 
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the exception of Co-O and Al-O interactions. A similar behavior was observed for the Van Der 

Waals forces, where all the interactions were zero, except for O-O. Though all the ion pairs are 

bonded covalently as described using the Morse potential, all the other ion pairs are subjected to 

the repulsive and coulombic forces. To represent the long-range order of the coulombic forces, 

calculations are done in K-space instead of real space.  

1. Coulombic Potential 

Recall Equation 48 for the Coulombic potential which describes long-range interaction 

between the ions. The parameter C is not taken into account for similar ionic species and the 

Coulombic parameter for O-O is given by Morooka for MgAl-spinel.  

2. Buckingham Potentials 

The Buckingham potential (Equation 49) parameters: A and  for describes the short 

range interaction between the ions and is listed below in Table 12: 

Table 12. Potential Buckingham pair potentials for CoAl-spinel model. 

Ionic Pair A(eV)  (Å) 

Co-Co 109.6414 0.41 

Co-Al 174.3841 0.34 

Co-O 600.90 0.34 

 

The potentials for the Co-O ionic pair was previously reported by Lewis et al. (1985) (110) 

and the O-O parameter from Morooka et al. (1999) was used (59). 

3. Morse Potentials 

The Morse potential (Equation 50) describes the attractive and repulsive force between 

the ions and its parameters: D0, r0 and  used in the Co-Al model are given in Table 13.  
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Table 13. Potential Morse pair potentials for CoAl-spinel. 

Ionic Pair D(eV) r0 (Å) (Å-1) 

Co-O 2.4167 1.80 2.0 

 

For the Al-O interaction, the potential parameters proposed by Morooka et al. (1999) was used 

(59).  The atomic arrangement of the CoAl-spinel cell show in in Figure 52 is under the constraints 

of the periodic boundary condition (4x4x4 box) is shown below and contains a total of 3548 atoms: 

512 Co atoms, 1024 Al atoms and 2048 O atoms.  

 

Figure 52. A.Co2+ atoms in their tetrahedral position, B. Al3+ atoms in their octahedral positions and C. CoAl-spinel 

cell containing 3548 atoms. 

 

7.4.1 Energy Minimization: Conjugate Gradient 

Energy minimization was carried out using similar methodology employed for MgAl-spinel 

using the conjugate gradient method defined in LAMMPS. This was done at 0K with a system of 

3548 atoms using fractional coordinates defined by the Materials Project (105). A 60% partial 

charge was applied to all the atoms in the CoAl-spinel.  The modified PR conjugate gradient was 

used to obtain minimized energy of the system at 0K with a global cut off radius by 4.6Å. The 

input code for the minimization model (based on minimization algorithm developed by Song 

(2019)) (104) is shown below: 

A CB

Co – 512 atoms

Al – 1024 atoms

O – 2048 atoms
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# metal units: picoseconds, angstroms, eV, Kelvin, bars 

units          metal   

atom_style     charge 

atom_modify    map array 

boundary       p p p 

atom_modify    sort 0 0.0 # Nfreq binsize 

newton   on 

 

# Variable Setting 

variable  k loop 11 

variable  a equal 7.7500+0.0500*$k  

 

shell   py/dupe_lammps_model.py --in 

py/models/CoAl2O4_unitcell_fractional_coords.txt --dupex 1 --dupey 1 --dupez 1 --scale ${a} --

out py/models/CoAl2O4_unitcell.txt  

read_data      py/models/CoAl2O4_unitcell.txt 

replicate 4 4 4 

 

mass           1  58.933 

mass           2  26.982 

mass           3  15.999 

 

# Charge values are required for Coulomb potential term. 

#  'units metal' uses charge units of multiple of electron charge. 

#  Charge values are stored in the third column of the model file. 

#velocity       all create $t 2952793 mom yes rot yes dist gaussian 

kspace_style ewald 1E-4 

pair_style     morooka 4.6 

#pair_coeff    type1 type2 d0    alpha   r0      A        rho      C     cut  

pair_coeff     1     1     0      0     0      109.6414  0.41   0.0 

pair_coeff     1     2     0      0     0      174.3841  0.34    0.0 

pair_coeff     1     3    2.4167  2.0   1.8    600.90    0.34    0.0 

pair_coeff     2     2     0      0      0     366.084   0.22     0.0 

pair_coeff     2     3    0.94056  2.0  1.8    463.295   0.29     0.0 

pair_coeff     3     3     0.0    0.0  0.0     560.979   0.36   4.2159 

pair_modify shift yes 

 

neighbor        2.0 bin 

neigh_modify  every 1 delay 10 check yes 

 

# Morse potential parameters (=0 between like atoms) 

# d0 : D_{ij} energy units (metal:eV, morooka: kJ/mol) 

# alpha : equals to beta_{ij} in Morooka paper; metal: \AA, morooka: nm^{-1} 

# r0 : r^{*}_{ij} convert to \AA from nm 

# Buckingham parameters: 

# A : f_{0} (b_{i} + b_{j}) exp( (a_{i} + a_{j})/(b_{i} + b_{j}) )  
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#  convert to eV 

# rho : (b_{i} + b_{j}) * 10 

#  convert to \AA from nm 

# C : c_{i} * c_{j} 

#  convert to \AA and eV from (10^{-3} nm^{3} kJ^{1/2}/mol^{1/2} 

#  --> C = c_{i} * c_{j} * 1.04E-2 

 

####################### calculated properties SETTINGS ###################### 

compute peratom all pe/atom 

compute eatoms all reduce sum c_peratom 

compute csym all centro/atom fcc 

 

####################### thermal properties output on screen ######################  

timestep  1.5e-3 

thermo 10 

thermo_style custom step pe c_eatoms 

dump 1 all custom 100 dumps/MgAl2O4_dump.npt id type xs ys zs c_peratom 

 

####################### minimize the total energy ###################### 

min_style       cg 

minimize        1.0e-12 1.0e-12 1000 1000 

variable E equal "c_eatoms"  

variable N equal count(all) 

variable E_cohesive equal ${E}/${N} 

variable Pot_Eng equal pe 

print "${a} ${E_cohesive}" append Lat.dat 

#Jump into next loop 

clear 

next k 

jump in_files/in.morooka_cg.txt 

 

The calculated lattice parameter of 8.112Å was obtained from the derivative of the third 

polynomial equation in Figure 53. 
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Figure 53. Conjugate minimization of CoAl-spinel. 

7.4.2 Convergence 

Convergence was done to understand the stability of the atomic system by observing property 

fluctuations with time. However, the term stability is relative when describing spinels as the 

stability changes as a function of temperature. Normal spinels are typically stable at lower 

temperatures and becomes inversed at higher temperatures (i.e. switching of atoms in their 

respective octahedral and tetrahedral positions). The inversion of spinels as a function of 

temperature is not discussed in this work since the model uses partial charges of the atoms. Instead, 

discussion of the inversion with temperature serves as a cautionary point that the convergence of 

the system relates to the system obtaining small fluctuations around the expected values. The 

simulation was carried out using NPT ensemble and was equilibrated at 300Kusing the model file 

below: 

# metal units: picoseconds, angstroms, eV, Kelvin, bars 
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units          metal   

atom_style     charge 

atom_modify    map array 

boundary       p p p 

atom_modify    sort 0 0.0 # Nfreq binsize 

newton   on 

 

# temperature 

variable       t equal 300 

 

read_data      py/models/CoAl2O4_unitcell.txt 

replicate 4 4 4 

 

mass           1  58.933 

mass           2  26.982 

mass           3  15.999 

 

# Charge values are required for Coulomb potential term. 

#  'units metal' uses charge units of multiple of electron charge. 

#  Charge values are stored in the third column of the model file. 

 

velocity       all create $t 2952793 mom yes rot yes dist gaussian 

 

kspace_style ewald 1E-4 

pair_style   morooka 4.6 

 

#pair_coeff    type1  type2 d0 alpha r0      A            rho      C     cut  

pair_coeff         1        1         0            0     0      109.6414   0.41     0.0 

pair_coeff         1          2         0             0     0      174.3841   0.34     0.0 

pair_coeff         1          3      2.4167     2.0   1.80   600.90      0.34     0.0 

pair_coeff         2          2         0            0      0       366.084    0.22     0.0 

pair_coeff         2         3    0.94056      2.0  1.80   463.295     0.29     0.0 

pair_coeff         3         3       0.0           0.0  0.0     560.979     0.36   4.2159 

pair_modify shift yes 

 

# Morse potential parameters (=0 between like atoms) 

# d0 : D_{ij} energy units (metal:eV, morooka: kJ/mol) 

# alpha : equals to beta_{ij} in Morooka paper; metal: \AA, morooka: nm^{-1} 

# r0 : r^{*}_{ij} convert to \AA from nm 

# Buckingham parameters: 

# A : f_{0} (b_{i} + b_{j}) exp( (a_{i} + a_{j})/(b_{i} + b_{j}) )  

#  convert to eV 

# 

# rho : (b_{i} + b_{j}) * 10 

#  convert to \AA from nm 

# C : c_{i} * c_{j} 
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#  convert to \AA and eV from (10^{-3} nm^{3} kJ^{1/2}/mol^{1/2} 

#  --> C = c_{i} * c_{j} * 1.04E-2 

 

thermo         100 

thermo_style   custom step temp pe ke press vol etotal 

 

#fix            1 all nvt temp $t $t 0.1 

#fix_modify     1 energy yes 

 

fix            1 all npt temp $t $t 0.01 iso 0.0 0.0 0.15 

fix_modify     1 energy yes 

timestep       1.5e-3 

neighbor       2 bin 

neigh_modify   every 1 delay 10 check yes 

 

dump          1 all atom 100 dumps/CoAl2O4_dump.npt 

 

run 5000 

write_restart restarts/CoAl2O4_restart.npt.* 

 

 The resulting convergence of pressure, temperature and volume is shown in Figure 54. 

 
Figure 54. Output values for CoAl-spinel system equilibrated at 300K. 
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7.4.3 Calculations of CoAl-spinel physical properties 

Similar to the calculations conducted for fitting MgAl-spinel, the same parameters were 

calculated: Bulk Modulus (B), heat capacity (Cp) and volume thermal expansivity (V). To 

calculate the volume thermal expansivity, the variation of the lattice parameter as a function of 

temperature was plotted. The heat capacity was derived according to Equation 53 and the bulk 

modulus was calculated using Equation 54. 

1. Lattice parameter: 

The resulting equilibrium lattice parameter obtained using the fitted potential model 

parameters from Table 12 and Table 13 for CoAl-spinel is 8.1127 Å. This result is comparable 

to previously reported data, both experimentally and theoretical (Table 14). 

Table 14. Calculated equilibrium parameter of CoAl-spinel compared to published lattice parameter values both 

theoretical and experimental. 

 Temperature (K) Lattice Parameter (Å) 

This work - 8.1127 

Theory (35) - 8.1056 

Theory (111) - 8.1900 

Theory (34) - 8.1736 

Experiment (21) 298 8.1047 

Experiment (112)  8.1030 

 

The lattice parameter value obtained in this work compared to previously reported data in 

Table 14 shows less than 1% difference and less than 0.01Å in lattice parameter when compared 

to the experimental values. This proves that the potential parameters used in this fitting has a closer 

affinity to experimental values than the theoretical calculations done by Akbudak et al. (2017)(34). 

Akbudak et al. (2017) (34) reported a 0.07% difference in lattice parameter using the generalized 

gradient approximation (GGA) method implement into density theory function (DFT) MD. Since 

spinel parameters are closely related, a difference of 0.07Å is significantly large.  Therefore, the 
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fitted interatomic pair potentials of CoAl-spinel model developed in this work is sufficient to 

described the system at equilibrium or most stable state.  

2. Volume thermal expansivity 

The volume thermal expansivity was calculated with same procedure described for MgAl-

spinel, according to Equation 55 and multiplied by three to account for volume. The resulting 

volume thermal expansivity for CoAl-spinel is below in Figure 55. 

 
Figure 55. Volume thermal expansivity of CoAl-spinel. 

 

 Above 500ºC, the kinetics of the system is similar to that observed for spinels. However, 

below 500ºC, the thermal expansivity is more sporadic and random. Volume thermal expansivity 

is described as the second derivative of the energy and is often not accounted during the 

calculations of the model. Thus, it is possible that at low temperatures the kinetic energy associated 

with thermal expansion is randomized and becomes linear at higher temperatures.  
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3. Heat capacity 

The heat capacity of CoAl-spinel is given below as the partial derivative of the energy 

change as a function of temperature at constant pressure (Equation 53). Figure 56 shows a 

linear relationship between energy and temperature which is consistent with previously 

observed data.  

 
Figure 56.  Heat capacity of CoAl-spinel at constant pressure. 

 

4. Bulk modulus 

The bulk modulus of 212.4 Gpa for Co-Al was calculated based on Equation 54 and 

the derivative of the cohesive energy as a function of volume (Figure 57). The results of the 

bulk modulus for CoAl-spinel is in good agreement with published data shown in Table 15. 

As observed by the previous properties, the potential pair model parameters using to describe 
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the CoAl-spinel system is more comparable to experimental values than those developed 

theoretically.  

 
Figure 57. Cohesive energy as a function of volume for CoAl-spinel. 

 

Table 15. Bulk modulus of CoAl-spinel calculated in this work compared to previously published data. 

 Bulk Modulus (GPa) 

This work 212.4 

Theory (34) 202.70 

Theory (60) 197.3 

Experiment (112) 210.4 

 

In general, the bulk modulus for spinels range between 193.8GPa and 218.8 GPa due to the 

compression of oxygen present in the spinel sublattice. Therefore the bulk modulus behavior of 

CoAl-spinel is directly related to the compressibility of Co in the octahedral position and Al in the 

tetrahedral (60). There is a temperature effect on the cation distributions and determine the stability 

of CoAl-spinel. However, since partial charges were used in this model, the inversion parameter 
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(x) for spinels were not accounted for so the change in octahedral and tetrahedral occupation is not 

considered.  
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8 Conclusions and Future Considerations  

8.1 Materials Science 

This research has provided insight into the characteristics of the archaeological cobalt blue 

paint and its production technology. The paint layers in the archaeological samples exhibited foam- 

like scaffolds outlined by high concentration of Al, Mg, Co, Ni and Zn and data are consistent with 

previous studies. XRD data supported by TEM analysis of the Amarna and Malqata samples 

confirmed the presence of Al-spinels such as CoAl-spinels with a calculated lattice parameter of 

8.10 Å. However, as the lattice parameters of Zn and Mg spinel phases are very similar to those of 

CoAl-spinel, the presence of ZnAl- or MgAl-spinels cannot be excluded. Though, the Amarna and 

Malqata samples share similar raw materials, there is variation in the size of the spinel phases in 

the Amarna and Malqata samples, 10-20 nm and 10 nm respectively. This points to a difference 

in firing temperature between the Amarna and Malqata sherds and indicates a variation of the 

production processes. To further investigate the spinel structure and production of the ceramic 

sherds, analyses done using XANES for all the Amarna samples indicated a similar electronic 

structure. However, the EXAFS analysis of the local environment surrounding the Co atom, 

indicates a substitution of a lighter element (Mg) into the lattice. This further proves that there are 

different type of spinels, as well as mixed spinels present in the blue layer but in concentrations 

that does that have a significant effect in the blue hue of the ceramic sherds. This is an indication 

of the craftsmanship of the ancient Egyptians and their understanding of the raw materials. In 

addition to the development of the blue color, the ancient Egyptians did not use any binder in the 

production of the blue painted ceramic sherds. The interface of the archaeological samples 

indicated no evidence of diffusion between the paint and the ceramic body. Instead the paint 
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appears as a distinct layer separate from the ceramic body which further adds to the understanding 

of application techniques. To explore this, reproduction experiments were carried out.  

For the first time, cobalt blue paint was synthesized using techniques believed to have been 

used by the ancient Egyptians: solid-state sintering method and precipitation from an aqueous 

solution, followed by sintering method. The morphology of the samples produced by solid state 

sintering was very similar to that of the ancient samples (i.e. the development of foam – like 

scaffolds) but was very different from the morphology of the samples produced using the 

precipitation method.  Pigments produced from the solid-state sintering had a range of color, from 

light purple to blue with the first blue pigment with a spinel structure formed at 800C. In contrast 

to the solid-state sintering, samples produced from the precipitation method produced a range of 

colors from light pink to very dark blue with the first blue pigment was formed at 700C but the 

spinel phase was not evident until after 1000C. In the samples produced by solid-state sintering 

at 900C, the size of the crystals was approximately 10nm and displayed similar clustering to 

Malqata samples. This provides insights as to the firing temperature used by the ancient Egyptians 

for the production of blue painted ceramics from Malqata. Both the precipitation method and solid-

state sintering achieved success with the adhesion of the paint for the unfired and fired tile 

substrate, alluding that a binder is not needed for proper adhesion of the paint onto the substrate. 

This is consistent with the findings from the archaeological samples where no binder was present. 

The interface of the reproduced paint (as seen in sample SS1) at 900C indicated presence of 

magnesium, introduced accidentally during the paint application process. In the archaeological 

samples, magnesium is present in the paint layer and the ceramic body which makes it diffusion 

to conclude if that was due to the diffusion because there was no evidence of a concentration 

gradient. Therefore, the adhesion mechanism, based on the reproduction experiments, appears to 
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be physical rather than through chemical bonding. Amongst all the tile substrates investigated 

(unfired, fired and leather hard) for both synthesis methods, the unfired tile substrate was most 

suitable for single – firing (the unfired paint is applied to the unfired substrate then fired together) 

using the solid-state sintering method. 

8.2 Materials Engineering 

Potential parameters, previously developed for Mg-Al spinel has been successfully 

implemented into the LAMMPS platform using the Coulombic, Morse and Buckingham pair 

potentials. The  Coulombic, Morse and Buckingham pair potentials in Table 12 and Table 13 were 

developed empirically using the initial MgAl-spinel potential parameters as the initial values. The 

optimized potentials were obtained by adjusted incrementally by 5% up to 20% which resulted 

in a lattice parameter of 8.112Å and a bulk modulus of 212.4GPa, both of which are consistent 

with experimental data for CoAl-spinel. The calculation of volume thermal expansivity and heat 

capacity shows a linear relationship above 500ºC. Therefore, for the first time, pair potential 

parameters for CoAl-spinel system was successfully developed to describe the structural and 

thermodynamic properties of the systems. 

8.3 Future Considerations  

From a materials science perspective of investigating the archaeological materials, future 

analysis can be done to understand the other variety of spinel phases in the blue layer. This will 

help to answer the question of: How did the paint layer maintain its blue hue if other spinel phases 

are present and can affect the color? This can be answered by further analyses using EXAFS and 

XANES to identify the specific spinels, ionic occupation in the tetrahedral and octahedral 

positions, as well as, bond length corresponding to the distortion of the lattice. Additionally, in situ 
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TEM will be necessary to understand the development of the phases and paint morphology as a 

function of temperature using a starting material of alum containing the transition elements.  

From a materials engineering perspective, the CoAl-spinel model can be optimized by further 

refinement of the current potential parameters to calculate other mechanical properties such as the 

young’s modulus. In addition to property calculations, the model can be modified to include the 

ceramic body so that the interface between the paint layer and the ceramic body can be observed 

as a function of temperature. 
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Appendices 

A. 

 

B.  

 

C. Fractional Coordinates for Mg/CoAl-spinel 

MgAl2O4 

 

      56    atoms 

 

      3     atom types 

 

      0     1.0   xlo xhi 

      0     1.0   ylo yhi 

      0     1.0   zlo zhi 

 

Atoms 
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     1  1 1.2 0.500000  0.000000  0.000000   

     2  1 1.2 0.750000  0.750000  0.750000   

     3  1 1.2 0.500000  0.500000  0.500000   

     4  1 1.2 0.750000  0.250000  0.250000   

     5  1 1.2 0.000000  0.000000  0.500000   

     6  1 1.2 0.250000  0.750000  0.250000   

     7  1 1.2 0.000000  0.500000  0.000000   

     8  1 1.2 0.250000  0.250000  0.750000   

     9  2 1.8 0.625000  0.625000  0.125000   

    10  2 1.8 0.875000  0.625000  0.375000  

    11  2 1.8 0.875000  0.875000  0.125000  

    12  2 1.8 0.625000  0.875000  0.375000  

    13  2 1.8 0.625000  0.125000  0.625000  

    14  2 1.8 0.875000  0.125000  0.875000  

    15  2 1.8 0.875000  0.375000  0.625000  

    16  2 1.8 0.625000  0.375000  0.875000  

    17  2 1.8 0.125000  0.625000  0.625000  

    18  2 1.8 0.375000  0.625000  0.875000  

    19  2 1.8 0.375000  0.875000  0.625000  

    20  2 1.8 0.125000  0.875000  0.875000  

    21  2 1.8 0.125000  0.125000  0.125000  

    22  2 1.8 0.375000  0.125000  0.375000  

    23  2 1.8 0.375000  0.375000  0.125000  

    24  2 1.8 0.125000  0.375000  0.375000  

    25  3 -1.2 0.611371  0.888629  0.611371   

    26  3 -1.2 0.861371  0.861371  0.361371   

    27  3 -1.2 0.861371  0.638629  0.138629   

    28  3 -1.2 0.638629  0.638629  0.361371   

    29  3 -1.2 0.388629  0.111371  0.611371   

    30  3 -1.2 0.611371  0.111371  0.388629   

    31  3 -1.2 0.638629  0.861371  0.138629   

    32  3 -1.2 0.388629  0.888629  0.388629   

    33  3 -1.2 0.611371  0.388629  0.111371   

    34  3 -1.2 0.861371  0.361371  0.861371   

    35  3 -1.2 0.861371  0.138629  0.638629   

    36  3 -1.2 0.638629  0.138629  0.861371   

    37  3 -1.2 0.388629  0.611371  0.111371   

    38  3 -1.2 0.611371  0.611371  0.888629   

    39  3 -1.2 0.638629  0.361371  0.638629   

    40  3 -1.2 0.388629  0.388629  0.888629   

    41  3 -1.2 0.111371  0.888629  0.111371   

    42  3 -1.2 0.361371  0.861371  0.861371   

    43  3 -1.2 0.361371  0.638629  0.638629   

    44  3 -1.2 0.138629  0.638629  0.861371   

    45  3 -1.2 0.888629  0.111371  0.111371   

    46  3 -1.2 0.111371  0.111371  0.888629   
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    47  3 -1.2 0.138629  0.861371  0.638629   

    48  3 -1.2 0.888629  0.888629  0.888629   

    49  3 -1.2 0.111371  0.388629  0.611371   

    50  3 -1.2 0.361371  0.361371  0.361371   

    51  3 -1.2 0.361371  0.138629  0.138629   

    52  3 -1.2 0.138629  0.138629  0.361371   

    53  3 -1.2 0.888629  0.611371  0.611371   

    54  3 -1.2 0.111371  0.611371  0.388629   

    55  3 -1.2 0.138629  0.361371  0.138629   

    56  3 -1.2 0.888629  0.388629  0.388629   

 

C. Buckingham pair potential parameter: A for Co-Co 

 

D. Buckingham pair potential parameter: A for Co-Al 

 

 

% change A Min Lattice Parameter % Increase/Decrease

-25 74.7555 8.0997 0.03951

-20 79.7392 8.0897 0.16317

-15 84.7229 8.0944 0.10501

-10 89.7066 8.099 0.04815

-5 94.6903 8.0981 0.05927

0 99.674 8.1029 0.00000

5 104.6577 8.1076 0.05800

10 109.6414 8.1067 0.04690

15 114.6251 8.1115 0.10613

20 119.6088 8.107 0.05060

25 124.5925 8.095 0.09759

% change A Min Lattice Parameter % Increase/Decrease

-25 118.8983 8.0997 0.039507636

-20 126.8248 8.0897 0.163170451

-15 134.7514 8.0944 0.105010872

-10 142.6775 8.099 0.048154093

-5 150.6404 8.0981 0.059273163

0 158.531 8.1029 0

5 166.4575 8.1076 0.058003925

10 174.3841 8.1067 0.04689679

15 182.3106 8.1115 0.106134841

20 190.2372 8.107 0.050599168

25 198.1637 8.095 0.097591106
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