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Abstract

This  paper  introduces  a  systematic  materials  science  framework  designed  to  evaluate  the  chemistry  of 
imperfect ruby-sapphire crystals during thermal processing. Historically approached as an empirical craft, the 
heat treatment of corundum is reframed here through the principles of thermodynamics and defect chemistry.  
We delineate the operational boundaries between intrinsic and extrinsic reaction regimes, identify the critical  
triaxial heating parameters, and establish the specialized hardware requirements necessary to execute advanced 
thermochemical alterations under a fully controlled environment. The framework draws on more than 3,000 
selected heating experiments over four decades and summarizes the companion book First Principles of the 
Thermochemistry of Ruby & Sapphire (2026; ISBN 0-940965-51-8; forthcoming).

Introduction

This framework is developed from more than four decades of experimental work in the thermal processing of  
ruby  and  sapphire.  Over  this  period,  more  than  3,000  selected  heating  experiments  were  executed,  with 
detailed operational notes and empirical observations meticulously retained and classified. This work, about  
650 pages in total, is presented in the Fourth Edition of The Heat Treatment of Ruby & Sapphire (currently 
under preparation) and in a companion standalone book, First Principles of the Thermochemistry of Ruby & 
Sapphire (2026),  which develops  in  full  the  thermochemical  framework summarized here.  Since  2002,  a 
practical training curriculum focusing on the thermochemistry of corundum has been conducted in Bangkok by 
the author, providing technical instruction to hundreds of members of the gem and jewelry industry over the 
past twenty-four years. This paper unifies those field-level observations within a solid-state thermodynamics 
framework.

1. The Subject of Thermochemistry

In simplest terms, the thermochemistry of ruby-sapphire may be defined as the materials science concerned 
with the chemistry of imperfect ruby-sapphire crystals as a whole and of their component parts. At one and the 
same time, it is both more restricted and more extensive in scope than gemology. The thermochemistry of  
ruby-sapphire deals with the distribution and migration of chemical elements within the corundum lattice, and 
how to manage them. It may be considered as an introduction to thinking about ruby-sapphire heat treatment  
thermochemically.

Every ruby-sapphire may be regarded as a chemical system in which, through heat and related parameters, 
chemical changes occur under different environments. Each change disrupts the existing equilibrium of the 
crystal, driving the transformation toward a new system that remains stable under these altered conditions.
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The study of these changes is the subject of thermochemistry in ruby-sapphire. To determine what changes are 
possible, how and where they occur, to observe the phenomena that accompany them, and to note their final  
outcomes are among the core functions of thermochemistry.

From a thermochemical perspective, the ruby-sapphire crystal is the main object of study. The reactions that 
take place within it may be classified under two regimes: first, reactions due to intrinsic elements; second,  
reactions due to externally introduced chemical compositions.  Much valuable information is derived from 
laboratory experiments and is essential for the verification of these outcomes.

No account  of  the  thermochemistry  of  ruby-sapphire  as  a  unified  subject  has  yet  been  published  in  the 
literature. The closest prior work, Emmett et al. (2003), addresses beryllium diffusion specifically and does not 
attempt a unified treatment. Thermochemical data remain scattered across separate studies of color, inclusions, 
diffusion, and furnace practice.  This framework gathers these data points into a single,  unified treatment,  
building  on  the  defect  chemistry  of  Kröger  and  Vink  (1956)  and  Kröger  (1974),  the  transition-metal 
spectroscopy of Eigenmann and Günthard (1972), and the historical record of Nassau (1994).

2. The Benefits of a Thermochemical Framework

Ruby-sapphire  heat  treatment  is  often  approached  empirically:  a  stone  is  heated  under  specific  heating 
parameters, and the result is judged solely by the observed outcome. While this approach can produce useful 
results,  it  does  not  necessarily  explain  why  a  result  occurred,  or  why  the  same  treatment  may  behave 
differently in another stone.

A  thermochemical  approach  offers  a  different  way  of  observing  the  heating  process.  Instead  of  treating 
temperature as the primary variable,  it  considers the combined effects  of  temperature,  chemical  potential, 
atmosphere,  defects,  phase  stability,  redox reactions,  and  diffusion.  The  benefits  of  this  approach  extend 
directly to several key groups:

The treater-experimentalist evaluates the outcome of a heated stone by comparing it against the specific 
technique or recipe applied. Within a thermochemical framework, color modification, inclusion dissolution, 
and  defect  alterations  become interconnected  processes  rather  than  isolated  events.  Unsatisfactory  results 
indicate unsuitable parameters applied for the particular type of ruby-sapphire under these conditions in the  
heating  process.  Reheating  the  stone  under  a  different  technique,  recipe,  or  set  of  parameters  remains  a  
common option  to  optimize  the  outcome,  though it  is  routinely  executed  without  knowing the  causative 
reasons behind the chemical transformations.

The gemologist and the laboratory analyze a heated stone to document the empirical indicators of treatment, 
relying on different levels of analytical instrumentation with inherent limitations. Mapping these descriptive 
visual and spectral features to generalized processing environments helps clarify the broad history of a stone,  
explaining why two crystals from the same origin can exhibit vastly different appearances after heating.

The scientific community gains a documented body of experimental observations, gathered over four decades 
and  framed in  the  language  of  thermodynamics  and  defect  chemistry.  These  observations  can  be  tested,  
extended, verified, or challenged in the laboratory, provided that the experimental samples match the specific  
criteria and crystal characteristics described in this work.

This framework does not eliminate the empirical  nature of heat treatment,  since experimental  observation 
remains essential. Instead, the purpose of this framework is to examine what changed, what caused the change,  
and what conditions must exist for the process to occur. The result is not a collection of treatment recipes. It is 
a  framework  for  understanding  the  chemistry  of  ruby-sapphire  during  heating,  making  experimental 
observations more meaningful and more transferable from one heating system to another.
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3. The Regimes: Intrinsic vs. Extrinsic

Every thermochemical reaction examined in this work is classified according to one criterion: whether the 
chemical change originates entirely within the native composition of the crystal, or whether it depends on a  
chemical composition externally introduced to the ruby-sapphire crystal during heating.

For  classification  purposes,  a  reaction  is  assigned  to  a  regime  according  to  the  origin  of  the  chemical  
composition responsible for the reaction. In practice, however, the two regimes can interact dynamically once 
an additive is introduced.

This distinction serves as the organizing principle behind the structural framework of the science. The intrinsic  
regime is evaluated in full isolation before addressing the extrinsic regime. This approach prevents externally 
introduced chemical compositions from becoming entangled with the native defect chemistry that governs 
every stone in the system, regardless of its origin.

Intrinsic  Regime  (Non-Additives): The  intrinsic  regime  comprises  thermochemical  reactions  that  draw 
exclusively on chemical elements and structural defects already present in the ruby-sapphire crystal prior to 
heating—its native trace-element load, existing point and line defects, and the oxygen and cation sublattices of 
the corundum structure itself. Redox reactions that shift the ionic balance, the dissolution of pre-existing rutile 
silk, and defect formation or annihilation driven by atmosphere and temperature all belong to this regime. The 
furnace controls the temperature profile and atmospheric conditions,  but introduces no added composition 
intended to become part of the finished stone.

Extrinsic  Regime  (Additives): The  extrinsic  regime  comprises  reactions  that  depend  on  a  chemical 
composition introduced externally  to  the  crystal  during heating.  These  compositions  can be  grouped into 
distinct classes by composition and role based on their specific chemical mechanisms. For most additive-
treated rubies reaching the trade,  the primary purpose of these extrinsic additives is  clarity improvement: 
filling void-type defects—such as surface-reaching fractures, cavities, and porosity—that limit transparency. 
Chromophoric additives, used to alter color, belong to the same extrinsic regime but act mainly by lattice 
diffusion rather than void filling.

The intrinsic and extrinsic regimes are not chemically isolated from one another once an additive is present. As 
the introduced composition interacts with the host, the intrinsic elements of the ruby-sapphire are drawn into 
the reaction—forming new compositions with the additive or altering compositions already present in the  
crystal. In some cases, the interaction extends beyond chemistry: additive-driven reactions have been observed 
to alter the physical properties of the host itself, rather than altering merely the optical or compositional state.

4. The Core Alteration Mechanisms

Whatever the process, four types of thermochemical or thermomechanical changes may be involved in the 
heated ruby-sapphire as follows:

1. Redox Engineering: Adjusting the furnace atmosphere so the trace elements responsible for color can 
change their oxidation states.

2. Phase and Inclusion Control: Managing internal inclusions as they dissolve, form, or change shape as 
allowed by heat and time.

3.  Defect  Engineering: Deliberately  creating,  healing,  or  redistributing  the  internal  structural 
imperfections of the crystal.

4. Thermomechanical Control: Managing heat and stress to ensure the stone survives the process intact.

Gemology describes what is observed; thermochemistry explains why it occurs and how it can be controlled.  
In practice, each of these four processes is steered through the three furnace-side parameters described in 
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Section  5:  atmospheric  environment,  temperature,  and  additives.  Within  this  framework,  gemology  and 
thermochemistry function as complementary, rather than competing, disciplines.

5. The Triaxial Heating Parameters

In processing any classification of ruby-sapphire, the core execution strategy relies on three interdependent 
variables that define the thermochemical environment within the furnace chamber. Every heating protocol 
occupies a specific coordinate along these three axes (Figure 1):

• Atmosphere Composition: Regulating oxygen partial pressure (pO2) across a wide operational spectrum, 
ranging from highly reducing environments (pO2 of the order of 10-15 bar and below) to highly oxidizing, 
oxygen-rich environments.

• Thermal Profile: Managing the temperature range (typically 1000°C to 1800°C, occasionally as low as 
800°C) alongside precise rates of heat-up, isothermal soaking, and cool-down.

• Chemical Additives: Introducing specific chemical compounds, fluxes, or reagents that interact directly 
with the corundum host.

These three parameters operate at a total furnace pressure of 1 atm (approximately 1 bar); pressure is therefore  
not treated as an independent variable in this framework. They apply universally to both natural and synthetic  
crystals, independent of the underlying equipment design or specific furnace configurations.

Figure 1. Conceptual triaxial diagram of the key heating parameters of ruby-sapphire: temperature 
(heating profile), atmosphere, and chemical additives. Every heating protocol occupies a position along 
these three axes, applied at 1 atm (approximately 1 bar) total pressure (original diagram © T. Themelis, 

1999).

Reading Figure 1. The diagram is a map of every heating process applied to ruby-sapphire at 1 atm. The  
vertical axis is the atmosphere, running from reducing (low oxygen, pO2 of the order of 10-15 bar) at the top to 
oxidizing (oxygen-rich, up to 99.999% O2)  at  the bottom. The horizontal  axis is  temperature and heating 
profile, running from about 800°C (minimum) to 1800°C or slightly above (practical maximum). The circular 
band represents chemical additives, which may be introduced at any point of the map. Any heating protocol, of  
any type, on any ruby-sapphire, is therefore located by three coordinates: where it sits on the atmosphere axis, 
where it  sits on the temperature and heating-profile axis,  and whether (and which) chemical additives are 
present. Every thermochemical event discussed in this framework takes place somewhere within this diagram. 
For example, the blue treatment of a dark geuda typically sits on the reducing, high-temperature side of the 
map, whereas the treatment of a pink sapphire sits on the oxidizing side at lower temperature.
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6. Technology and Equipment Requirements

The evaluation of these processes depends heavily on the capabilities of the operator and the instrumentation:

•  Heat-Treating Technology (“Know-How”): Defines the specific thermodynamic and environmental 
parameters required to induce a targeted transformation within a given classification of corundum. This 
framework  integrates  the  three  primary  process-control  parameters  established  above—atmosphere, 
temperature, and additives, applied at 1 atm—to formulate a systematic treatment strategy.

• Heating Equipment Technology (“Furnace”): Encompasses the specific hardware configurations and 
engineering systems utilized to physically execute the thermodynamic parameters defined by the heat-
treating technology (“know-how”). This engineering category includes electric resistance, combustion, and 
specialized  furnace  systems configured  to  operate  under  diverse  environments  with  dedicated  process 
controls.

In practice, these two technologies are rarely integrated into a single commercial package within the gemstone 
sector.  A  general-purpose  furnace  system  lacks  the  specialized  capability  required  to  execute  advanced 
thermochemical applications under a fully controlled environment. Furnace architectures are treated in detail in 
the monograph series. A suitable furnace system must provide the operational flexibility required to execute all 
heating parameters within the technical boundaries and limitations defined by materials science. Closing that  
gap, one technology and one process at a time, is the core purpose of the forthcoming monograph editions.
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