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ABSTRACT

The Federation for International Refractory Researuth Education
(FIRE) is a non-profit organization established torpote refractory
related research and education on a global basRE Rims to

stimulate and reinforce international education arekearch
programmes for the refractory industry. Its stréngt a unique
grouping of expertise drawn from all sectors of thedractory

producing, supplying and consuming industries cediplith the

world’s leading academic institutions involved @fractory research.
FIRE is committed to a series of research progranwésh are by

definition pre-competitive and are aimed at levergghe research
network capability of FIRE with contributions fronoth industrial

and academic partners. They are designed to fumbkeactory

science and provide a basis for education throagHemic research.

As an illustration of how cooperative research paogmes can
benefit the development of monolithic refractoriasdata mining
analysis of published papers spanning a more tBamear history has
been used to identify different active communitesl the fields of
research around refractories on a global basisimpertance of the
FIRE network and the establishment of different aede

communities can be seen emerging in recent years.

More specifically, the analysis provides a linkalgetween the
different global research communities and resetliremes relevant
to refractories. The paper will illustrate some the ongoing

cooperative programmes in the field of refractoresearch and how
different disciplines can be harnessed to yield apd/novel insights
into the underpinning mechanisms of refractoriebnelogy.

Conclusions will be drawn from the key learningstioése multi-
partner research programmes and how this can Hedgp create
further value through the usage chain of refraetori Future
perspectives will explore the areas where furtresidcooperative
research on monolithic refractories could bringdfis.

INTRODUCTION

The Federation for International Refractory Researath Education
[1,2] is a non-profit organization established tomote refractory
related research and education on a global basRE Rims to
stimulate and reinforce international education arebearch
programmes for the refractory industry. Its stréngt a unique
grouping of expertise with 27 members drawn frohs@ttors of the
refractory producing, supplying and consuming indes coupled
with the world’s leading academic institutions itxed in refractory
research. FIRE is committed to a series of reseprogrammes
which are by definition pre-competitive and are eihat leveraging
the research network capability of FIRE with conitibns from both
industrial and academic partners. They are desigoedurther
refractory science and provide a basis for educatiough academic
research.

The challenges today are to educate refractoryneegs who are able
to conceive, design, implement and operate complakie-added
refractory products to optimize the entire refragtdife cycle
(including recycling). It is also essential to rgone that those young
engineers will be called to work in an internationeam-based
environment, hence will have to be trained to dewetot only a
working knowledge of technical fundamentals bubalsll have to
learn and develop personal and interpersonal slés Dr. Lynn
McAlpine from Oxford University in the UK commeni8,4], the
educational goal to achieve this ambition, via aiculum would

ideally involve a team with varied subject mattepertise, including
industrialists in refractory mining; academics inineralogy,

metallurgy and ceramics; specialists in organiratidbehavior as
regards interpersonal communication; and educdiste.aFIRE with

its unigue multi-cultural and multi-disciplinary mgosition is able to
exactly draw on these skills and provide a uniganéwork for

furthering refractory education within the cont@ftmulti partner

research programmes. FIRE aims to promote highecatidn in

refractory materials engineering, fulfill the cutil; educational and
research related needs of the refractories indutdryprovide

conditions in order to graduate global player essfonals and finally
to carry out pre-competitive research which israpartant tool for

FIRE's student education. The analysis show theev@partnership
based research with a significant contributiorefeactory knowledge
being made across all the dimensions of refractesgarch. FIRE
represents a unigue opportunity for pre-competitmesortium based
refractory research whilst at the same time prongjdin educational
framework for post-graduate students.

e For the industrial partners the leveraged benefitstate of the
art research by the world’s leading universities eear with a
multiple of research funding being typically mofean 4 for
every euro invested. In addition, the programnuegridbute to
the education of the next generation of refracteghnologists
and researchers who are primed for internationaleca.

¢ The academic partners benefit through an access
complimentary expertise in the world’s leading wmgities to
expand research capacities and the ability tocattnad educate
students of a high quality for MSc and PhD prograsm

It is important to be mindful that students devaigpthe research in
FIRE are enrolled in the MSc and PhD programs anatder to be

trained, evolve scientifically and to promote FIREBEey need to
publish part of their results. UNITECR meetings pnésa excellent
forum for FIRE students to demonstrate part of thesearch as a
means of furthering refractory knowledge. This t@nseen by the
contribution of FIRE previous Unitecr programmeshnitenerally

more thanl5 papers being presented as a resullRif Fesearch

programmes which by itself would attest the qualityhe results and
the good educational level attained.

Recently, a map of global refractories researcholeas published to
understand its temporal macroscopic trends [5].difaret al showed
that by using the data mining technique based eistopus database
patterns can be revealed about a certain topinteirast within
refractories. It provides a complete macroscopip wiahe research
and trends, enabling us to differentiate clustasrsetworks that are
currently active in the refractory field. This pides insights into the
evolution of refractory technology, as well as deteends that are
currently being developed. This paper discusse8rtke established
in this data mining analysis and the FIRE organiratand how
cooperative research programmes can benefit rdseand
subsequent refractories developments.

DATA MINING OF REFRACTORIES

By using data mining and graph analysis, estaldishethodology, a
complex refractory field Network can be construcéed classified
providing information and trends from different édw of its structure
(macro to Nano). It can disclose temporal trends@mnnections on

to



the available data extracted from data mining dérgdic and
technical publications.
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Fig. 1: Evolution of the number of refractory pualiions from
selected countries [5]

As can be seen in Figure 1, there is a major risgnd in the number
of publications over the whole period analyzedcdh be observed
that for shorter segments of time (1-4 years)dda do not present
a real trend and are close to a random behavioecasomic and
political factors might directly affect the scidigiproduction. It can
be pointed out that Japan and the United States ther dominant
players in the number of publications in the 1a880s. After 1995,
their production reached a plateau whereas allother countries
started to slowly increase their participation.2BiL0, the scientific
production of China rose dramatically, leading bytfee number of
papers published in 2015. This sudden increasesléged to its
economic growth in the past decade and massive rigment
investment in education, research and developnidm®.number of
publications alone is not a strong indicative o tiechnological
importance of each country as the journals usedetoeve the
publication data present different impact factofhe cumulative
impact factor (CIF) measures how often its papersesiews are
quoted by other publications, i.e., it is a measfriés importance.
Therefore, CIF is a stronger indicative of the texthgical
importance of each country in the refractory aréé&hen comparing
data from the number of publications together it CIF (Fig 2) it
can be observed that countries with a higher nurabpublications
are usually the ones with a higher CIF. Japan exaeption, as most
of the Japanese papers were published in the TARdgbwhich is
not an indexed journal. Furthermore, most of th&RTAublications
were not co-authored in collaboration with foreigisearchers. The
analysis also shows that countries with a highember of
publications are usually those with a higher degfeeollaboration.
Furthermore, these results show that although Geyrhas a large
number of international partnerships concerningassh, its CIF
value is not very high, which is related to therjml selected for
publication. On the other hand, Japan stands othteasountry with
the lowest degree of collaboration among those withumber of
publications higher than 100. It is important tontien again the
influence of TARJ publications, where most of themolve only
Japanese authors. The countries that take parntarnational
collaboration play different roles in the partnépsh To measure the
degree of importance or leadership of each countrythe
international collaboration scenario, Figure 3 prés the
betweenness centralityC{(n)) versus the number of publications.
Ch(n) indicates the importance of a specific countrthiem network as
it accounts for the density of connection that eemhntry presents.
Therefore, countries with high betweenness centrate more likely
to act as a bridge, as authors with affiliationsueh countries have a

greater probability of working with authors of difént ones and
develop new collaborations among themselves. Heocentries
which have higtCy(n) act as agents to induce refractory research.
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The United States presents the highest betweeoeasslity, which
points out their leading role regarding publicati@md collaborations
with different communities. On the other hand, Japas the lowest
Cb(n) value among the countries with more than 50 putitina. This
is also related to the fact to the previously nmmd factor that most
publications from the JTARJ database do not havernational
collaborators.
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Fig. 3. Betweenness Centralit@s[n)] and Number of Publications

of each country from 1985 to 2015 [1]

Another important aspect arises when analyzingd&afilthough its
number of publications is lower than seven of othaions, it has a
high betweenness centralit¢yn)], highlighting its high degree of
collaboration and also interaction with a wide margf countries
(from different communities). Furthermore, all tbeuntries with a
high CIF present a high degree of collaboratbhdnd a higrCp(n),
which shows that these countries are leaders iir tlespective
communities.

These results also indicate an important featur@roframs that
motivates international collaboration such as thezldration for
International Refractory Research and Education (FIREe five
countries with the highesEs(n) (United States, France, Germany,
Brazil, China, in descending order) are academicaandtustrial
partners of FIRE. This is explored further in Figdrevhich shows
the impact of the FIRE network on papers publishéthimv the
countries where FIRE is active. In order to undedténe evolution
of the leading countries in more depth, the datbass divided into
4 time period from 1985 to 2016 for the United &s$atFrance,
Germany, Brazil, China and Japan. There is a disbkrméear rising
trend of the degree of collaboration which staitethe early 2000s.



This behavior matches with the beginning of FIRE,iclwhwas
created in 2005, as tH2 values of all countries involved with the
Federation started rising after the third peridzDo1 to 2008 - (even
for the USA and Japan scenarios where there waspaid the late
1990s and early 2000s). This increase in cooperaialso reflected
in the Betweenness Centralitgs{n)]. The rise ofCs(n) points out the
increasing importance of these countries in intéonal
collaboration in the refractory research field. Titesence of FIRE
partners in these countries indicates the impathisforganization,
which is also strengthened by the high values efGiF (Figure 4)
and the number of published works by these cowmtrie
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Fig. 4. Impact Factor of selected countries pukitice relative to the
weighting of papers produced within the FIRE network

Data mining has given an insight into differente@sh networks and
their research topics but it also detects earlgdsevia examining
trends in published papers and their contents ejavikords. Closer
collaborations, on one hand, between materialsisei@nd natural
sciences and, on the other hand, between matesi@ésices and
engineering disciplines are vital in order to acptish significant

advances in refractory research. Interesting tdolggdrends can be
clearly elucidated and the next section shows ligeraent of FIRE

research programmes to these trends and researobgh

COOPERATIVE RESEARCH PROGRAMMES

In terms of subjects the data mining analysisrfijéated highlighted
the following themes of importance in terms of abbrative research
in the field of refractories;

Synthetic high purity raw materials. For examplan@na,
zirconia and mullite. The strong link between aloanand

correlate the application with the real environmehthe
product. This leads to the view that refractoryeegsh is
moving towards developing more modelling tools &mel
ability to characterize refractory materials undailtiple
constraints to better simulate actual conditionsigé to
better predict wear.

To accompany the Education programs in Refractoigrnge and
Engineering, FIRE is involved in specific researae®with multiple
FIRE partners [6]. These researches are pre-colnpetifractory
projects that are the responsibility of an acaddffiRE member, with
contributions from other members to promote intBomal
networking. All of the research projects involve tbarticipation of
selected FIRE students as well the research stfthetd to the
refractory labs. Project funding are sought frorREE] government
agencies, industry and internal funds from the igipeting
universities. To date two research cycles have lseempleted on a
wide array of cooperative subjects. The importdetnent is the
cooperative networks where different academic tutss are
involved for each theme along with a range of indalspartners. The
first cycle of research programs for the 2008-204%50d was focused
around three pillars;

Thermo-mechanical behavior of refractories, modglli
and testing

Design of cement bonded refractories
Thermo-chemical behavior of refractories, modellamy
corrosion testing

FIRE has coordinated these research basic reseamgtapmes and
thanks to the network contribution of both acadearid industrial
partners a number of common transversal themelegleaned from
these programmes illustrating then benefits ofatmltative research
to stimulate refractories development. For exanf]e within the
field of ladle refractories these above mentioresgarch programme
provide elements to understand the complex thermchamical,
thermo-chemical interactions along with a greatadarstanding of
the impact of material properties and their comtima on
performance in use. The research programmes gaiggt into three
areas of fundamental importance for ladle refraesowhere value
can be brought through reduced downtime and inecedsrability/
in service life. The results relied on a combinmatimf modelling,
simulation and measurement to demonstrate hownasean bring
value to the usage chain of steel ladle refracsoiide three aspects
of the thermo mechanical behavior of refractorieedelling and
testing, the design of microstructurally enginearedosion resistant
castables and an approach to determine the theemochl behavior
of refractories from the perspective of modellingd acorrosion

zirconia shows the extensive research carried out desting showed;
alumina toughened zirconia (ATZ) in the late 1980s.

Another strong connection links magnesia and carbon

reinforcing the high production and importance af®4C
refractories in primary and secondary steel making.
Bonding systems with calcium aluminates being thetmo
dominant but emerging research in the field of pthpes
such as phosphate and colloid bonding— known fog lo
time but maybe not present referenced research
Development of new Testing and characterizatiothods

to closer approach actual usage constraints ifotieof ;

0 Rheology of monolithic refractory systems -

o0 Processing aspects of refractories and particular
placing properties of monolithics

o Thermal shock

Developing Simulation tools particularly in the Ifleof
thermo-mechanical behavior. Integration of basiersm,

thermodynamic and thermomechanical simulation are

fundamental to design advanced refractories. Whkang
care to run pre-testing evaluations that would doett

The link between lining configurations and thermeetmanical
behavior is examined to answer the question of Hwvsteel
ladle insulation layer influences the thermal andchanical
behavior and what are the design parameters.

Results from thermo-chemical studies of the corrosisistance
of magnesia containing refractories for steel ladhowed a
good agreement between thermodynamic modellingparst
mortem analysis of used refractories. The quaatific of the
corroded phase via an appreciation of the mechanismow
possible

It is well known that the production of a high marhance in-
situ spinel castable is not straightforward. In esrdo add
magnesia in a castable, processing difficultieshsas fast flow
decay and mechanical damages related to magnediation
have to be managed as well as their impact on liedta
properties. A second challenge is how to managsyihreel and
CAs formation. Results showed the influence of the mativ
materials and additives in attaining an engineered
microstructure.



The current series of network based cooperativgrpromes running
from 2015 illustrate further how collaborative rasgh can contribute
to refractory development;

- Insulating refractories and their applications iltitayer lining
designs

- Energy efficient refractories: a holistic approabhsed on
fundamentals, processing and evaluation

- Liquid phase and vapor phase corrosion: new methgis and
new cases of corrosion

- Dense refractories with enhanced flexibility

The key learnings of these multi-partner researchgnammes
address critical issues such as the conservatiemergy expressed
either through the intrinsic content of energy éfractories or their
insulation function to save energy coupled withtlo&on of greater
sustainability by designing refractories that lasiger and consume
less resources. Over and above the material beméfiollaborative
research on refractories development values catebeed for both
academic and industrial partners of FIRE. For tlieistrial partners
the leveraged benefits of state of the art resaaratound a multiple
of research funding being typically more than 4 &wery euro
invested. In addition, the programmes contribatthé education of
the next generation of refractory technologists essarchers who
are primed for international careers to promote hretogy
development of monolithics.

The academic partners benefit through access toplaoentary
expertise in the world’s leading universities topamd research

refractory technology via the association of therldioeading
academics in refractory science. These coopereffeets and their
quality can be identified, as shown by the highrage impact factor
analysis attained by the communities in this nekwdiris believed
that these multi-partner research programs mustdreoted to create
further value through the usage chain of refraesori

The motivation to continue developing refractorynosystems
remains as strong as ever. The emergence of nowdgns in niche

applications and the continuing use of hydrauljcabonded

refractory products will be stronger in the neatufa. These
developments will surely fuel the growth of refi@gt castables and
their potential replacement for other kinds of aefories, mainly the
pre-firedones;

Future perspectives, where basic cooperative reisear refractories
could bring further benefits, will involve integiad basic science as
well as thermodynamic and thermomechanical simanatiwhich are

fundamental to design advanced refractories. laljghrrunning pre-

testing evaluations that could better correlateahyication with the

actual working environment of the product wouldoal® required.

Although not yet pointed out by the survey, additimanufacturing is

a potential technology disruption that might chattye refractories

area.

The analysis of different testing and characteiomatechniques
showed that refractory research is moving towarlehkbping more
modelling tools. Furthermore, the ability and caligb to

characterize refractory materials under multiplastaints in order

capacities. On top of this is the ability to attracd educate students to better simulate actual conditions of use willoabe required.

of a high quality for MSc and PhD programmes

CONCLUSIONS

FIRE is an outsourcing network with today some 2irgas, in 10
academic institutions, in 8 countries supported 15y industrial
companies from 11 different countries distributedro4 continents.
To train efficient refractory engineers, FIRE refoag educators
have created an environment where the studentsitdeeto learn
materials and refractory technology in an econolm@zlogical and
ethical context, much broader than it was the pasg@ously, in order
to understand the business and the cultural istheesndustry is
facing. To cope with so many challenges, new fasfrllaboration
between the academics themselves and between flactoey
industrialists and academics have been inventedso@rcing has
also been introduced in the academic world, to kibepcosts of
education at a level where it can be attractiveewruit graduate
students and to follow a more systematic approactpdol the
resources and the expertise more efficiently
complementarities, in teaching as well as in redear
Fire’s long term objectives will remain to contrtbuo the education
and assimilation of knowledge, with wisdom to thenéfit of all
players, in the chain of values along the glob& Icycle of
refractories, absolutely essential to industrial li

This paper has shown how powerful data mining aagly analysis
can be to detect trends within a given industrytaseand identify
different research networks and scientific commiasitThe analysis
provided a link between the different global reseacommunities
and important topics for the refractory area sushraav materials,
binders, mechanical tests and simulations. By amajythe published
data, ongoing cooperative programmes in the fidldefractories
have been identified and how different topics canabsociated to
induce novel insights. Interesting technology teiedn be clearly
shown through data mining.

Refractory technology and scientific knowledge treigla complex
area, which requires the cooperation of differdsitssand expertise.
Networks are more powerful than individuals regagdresearch
effectiveness. As an example, the FIRE networlnisgor illustration
of the leveraging that can be achieved to advameceldmental

to d fin
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