
Volume 14, Number 5 September/October 2009

2008 Allen Award winner, Chang Min Chun, Exxon Mobil Research

and Engineering (left). Presented by Mike Alexander, Chairman of

the Refractory Ceramics Division (right).



THE REFRACTORIES INSTITUTE

Congratulates

Recipients of
TRI Scholarships

2009

MARCUS ELLIOT
Alfred University

JAMES KELLY
Alfred University

JOSHUA HOLZHAUSEN
Missouri S & T

TRI
Companies working together

in support of
refractories education

For membership information
contact:

The Refractories Institute

P.O. Box 8439

325 Maple Avenue

Pittsburgh, PA 15218

Phone: (412) 244-1880 Fax: (412) 244-1881

info@refractoriesinstitute.org

A NATIONAL ASSOCIATION PROMOTING THE INTERESTS OF THE REFRACTORIES INDUSTRY

mailto:info@refractoriesinstitute.org


Refractories Applications
and News

From the Editor  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

J. D. Smith
The Refractories Institute News  . . . . . . . . . . . . . . . . . . . . 4

R. Crolius
Flue Wall Brick Corrosion Mechanisms in Anode 

Baking Furnaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

P. R. T. Tiba, B.H. Teider, J. B. Gallo, V. C. Pandolfelli
Behaviour of Andalusite and Mullitized Andalusite

Crystals Under Thermal Shock . . . . . . . . . . . . . . . . . . . . . . 14

L. Colombel, M. L. Bouchetou, J. Poirier
Thermal Stress Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . 19

A. W. Allen
Elasticity and Anelasticity in Refractories . . . . . . . . . . . . . 21

A. W. Allen

Directory of Products and Services . . . . . . . . . . . . . . . . . . . 28

Buyer’s Guides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

ADVERTISING INDEX

Almatis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . 28

Tel: (800) 643-8771
Alsey Refractories Company . . . . . . . . . . . . . . . . . . . . . . . . 29

Tel:  (314)963-7900   Fax: (314)963-7973
American Ceramic Society . . . . . . . . . . . . . inside back cover

Tel: (866) 721-3322 or 1(240) 646-7054   Fax: (301) 206-9789
Deltech, Inc. . . . . . . . . . . . . . . . . . . . . . . . . . inside back cover

Tel: (303) 433-5939
ANH Refractories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Tel: (412) 375-6600
MORCO Refractories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .28

Tel: (636) 479-7770 Fax: (636) 479-7773
The Refractories Institute . . . . . . . . . . . . . . inside front cover

Tel: (412) 244-1880 Fax: (412) 244-1881
UNITECR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . back cover

My editorial that appeared in the last
issue was written with the goal to illicit
feedback related to the journal.  I was
pleasantly surprised as to the degree of
such feedback and I had fully intended to
comment on some of the responses that
were received.  In light of a recent issue, I
have elected to delay that discussion until
the next issue of RAN.  Instead I want to
discuss what turns out to be a related issue.

RAGBRAI is an annual seven-day bicy-
cle ride across the state of Iowa.  The ride averages about 500 miles
traveling from the Missouri River on the western boarder of the state
to the Mississippi River along the eastern boarder.  The ride isn’t a
race but instead a nice week long enjoyable ride with friends, often
hundreds participating.  In my days as an undergraduate at Iowa
State University I can recall my discussions of the ride and often see-
ing the riders as they made their way across the state.

I bring this up as at this year’s event, tragedy struck.  That tragedy
being the death of a friend and colleague of mine at Missouri S&T,
Don Myers, who was involved in what seemed to have been a very
innocent looking crash from which he never regained consciousness.

Although most of you would have had not reason to meet Don, a
professor in our engineering management department, I worked very
closely with him over the past several years in the faculty gover-
nance of the university.  Don was very committed to this university,
devoting considerable time to what we refer to as university service.
He was willing to get in and do the thankless work simply because it
needed to be done.

So why am I discussing this in this forum?  Two reasons.  First, I
wanted at least to a limited degree, to pay homage to one of my col-
leagues. Second, I wanted to call attention to the fact that at times the
people we rely on, the ones we count on to do things, the ones we
might well be taking for granted, may not be willing or able to con-
tinue in that role indifinetly.

Death, retirement, promotion, even simply becoming jaded or dis-
interested, are all reasons that we might lose the volunteers we rely
upon.  As an industry like ours becomes smaller and smaller in terms
of people, we rely more and more heavily on fewer and fewer vol-
unteers.

Who are these people in our industry?  These refractory champi-
ons, these tireless volunteers.  If I asked everyone in the industry to
name them, I’m confident that eight or ten would end up on every-
one’s list.

Perhaps more importantly, how would we respond if they were no
longer available to do the things that we have become perfectly
happy to allow them to do?  I suppose such questions are common
in all groups, and I suppose we as with other groups would find peo-
ple to pick up the slack.  I would suggest, however, that we prepare
for such inevitable events by encouraging more and more people to
share the load so that the loss of any one would be more easily
managed.  R AN

Jeffrey D. Smith
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REFRACTORIES RELATED MEETINGS

2009

September 23-24, 52nd International Colloquium on Refractories 2009, Aachen, Eurogress, Germany, Forschungsgemeinschaft
Feuerfest e.V. – Feuerfest-Kolloquium – An der Elisabethkirche 27, 53113 Bonn, Germany, Tel:+49-(0)228-91508-45, Fax:+49-
(0)228-91508-55, E-Mail: info@feuerfest-kolloquium.de, www.feuerfest-kolloquium.de.

October 13-15, 13th Annual Met Coke World Summit 2009, Hilton Pittsburgh, PA, Tel: +1 207 781 9635 Fax: +1 207 781
2150Contact: Brian Santos, brian.santos@pira-international.com, www.metcokeworldsummit.com/

October 13-16, UNITECR 2009 - 11th Biennial Worldwide Conference on Refractories, Pestana Bahia Hotel, Salvador, Brazil,
www.unitecr2009.org/. 

October 25-30, Materials Science & Technology 2009 Conference and Exhibition - MS&T '09 combined with the ACerS 111th

Annual Meeting, www.matscitech.org/, David L. Lawrence Convention Center, Pittsburgh, PA.

2010

January 24-29, 34th International Conference and Exposition on Advanced Ceramics and Composites, Hilton Daytona Beach
Resort and Ocean Center, Daytona Beach, FL.

Feb. 21-24, Materials Innovation in an Emerging Hydrogen Economy, 2010 Hilton Cocoa Beach Oceanfront - Cocoa Beach, FL. 

May 3-6, AISTech 2010 The Iron & Steel Technology Conference and Exposition, David L Lawrence Convention Center,
Pittsburgh, PA., USA 

September 6-10, The 25th International Mineral Processing Congress 2010 (IMPC), Brisbane Convention Ctr., Australia; IMPC
2010 Event Management – The AusIMM Tel: +61 3 9658 6123 Fax: +61 3 9662 3662, impc2010@ausimm.com.au,
www.impc210.org, PO Box 660, Carlton South Victoria 3053, Australia.

October 17-21, Materials Science & Technology 2010 Conference and Exhibition - MS&T '10 combined with the ACerS 112th

Annual Meeting, George R. Brown Convention Center, Houston, TX.

Nov. 14-18, 3rd International Congress on Ceramics, Osaka International Convention Center, Osaka, Japan. 

Send meeting announcements to Mary Lee at:

leemj@mst.edu

Announcements must be received a minimum of

four months prior to the meeting date.
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USTR ADDRESSES BAUXITE,

SILICON CARBIDE, OTHER

MINERAL EXPORTS FROM

CHINA 

In June, U.S. Trade Representative
Ron Kirk announced that the United
States has requested World Trade
Organization (WTO) dispute settlement
consultations with the People's
Republic of China regarding China's
export restraints on numerous important

raw materials.  China's measures which, according to Kirk, appear to
be part of a troubling industrial policy aimed at providing substantial
competitive advantages for the Chinese industries using these inputs.
The materials at issue are: bauxite, coke, fluorspar, magnesium, man-
ganese, silicon metal, silicon carbide, yellow phosphorus, and zinc.
These are key inputs for numerous downstream products in the steel,
aluminum, and chemical sectors across the globe.  China ranks as a
top global producer of these materials.  The European Union also
requested formal WTO consultations with China on the matter.

Ambassador Kirk said, “We are going to the WTO to enforce our
rights, so we can provide American manufacturers with a fair com-
petitive environment and put more American workers back on the
job.  China is a leading global producer and exporter of the raw mate-
rials in question, and access to these materials is critical for U.S.
industrial manufacturers.  The United States is very concerned that
China appears to be restricting the exports of these materials for the
benefit of their domestic industries; despite strong WTO rules
designed to discipline export restraints.

"U.S. industries and workers can compete against anyone in the
world if there is a level playing field, but China's policies on these raw
materials appear to tilt that field in favor of Chinese producers," Kirk
added. “We are deeply troubled at what appears to be a conscious pol-
icy to create unfair advantages for Chinese industries that use these
raw materials.  Now, more than ever, we must fight against this kind
of domestic favoritism.”

TRI has been working with USTR on the China trade issue for
some time and recently suggested that magnesite be added to the list
of subject exports.

The entire USTR news release may be found at www.ustr.gov.

ALLIED MINERAL PRODUCTS, INC. EXPANDS

AMERICAN PRECAST REFRACTORIES FACILITY AND

WAREHOUSE

Allied Mineral Products, Inc. completed construction of a 92,000
square feet addition March 1 and began operating out of the new
space April 1.  This brings Allied’s total production and warehouse
area to just under 500,000 square feet at its Columbus headquarters.
Allied’s new, enlarged facility includes 50,000 square feet for its
American Precast Refractories Division (APR).  The remainder of the
area will be used to store and warehouse materials for Allied’s glob-
al operations.   

News from The Refractories Institute www.refractoriesinstitute.org/

The Refractories Institute, P.O. Box 8439, 325 Maple Avenue, Pittsburgh, PA 15218

Rob Crolius

The increased space will expand APR’s precast refractory shape
making capabilities with specialized and enhanced shapes.  The larg-
er APR area houses seven new furnaces which will improve flexibil-
ity in firing schedules.  Another, new crane with a lift capacity of 20
ton also was installed bringing APR’s crane lift capacity to 35 tons.
The new APR space also includes a specialty shapes room for con-
trolled castings and a material hot room to optimize material casting
properties.  There is an area to accommodate high volume production
of small shapes and a grinding room to meet precise tolerances.  A
drive in dock door was added that can be served by the 20 ton crane
to easily load and ship large shapes.

LEGISLATION

House Health Care Bill Would Raise Taxes on Most

Manufacturers 

Leaders in the House of Representatives in July unveiled a 1,018-
page health care reform bill – H.R. 3200, the America's Affordable
Health Choices Act. Expected to cost more than $1 trillion over 10
years, the legislation would levy a new tax on those individuals and
businesses that file at the individual rate and make more than
$350,000 a year (families/S-corps/partnerships, etc.). The National
Association of Manufacturers estimates that the new tax would affect
nearly 70 percent of all U.S. manufacturers. Concerns from many dif-
ferent groups about costs vs. benefits may slow the legislation which
has been on a fast track up until now.

Of particular concern to some employers is that the House bill
would significantly change requirements under the Employee
Retirement Income Security Act (ERISA) which currently allows
employers to provide standardized employee health insurance plans
across state lines.  This historically has been one part of our nation’s
healing care system which has worked pretty well.

Plant Closure Bills Introduced 

Legislation to expand the federal 1988 Worker Adjustment and
Retraining Notification (WARN) Act was introduced in both houses
of Congress at the end of June. Under the WARN Act, employers
with more than 100 employees must provide a 60-day advance noti-
fication when layoffs of more than 50 workers are expected within a
30-day period. The new legislation (S. 1374/H.R. 3042), dubbed the
Forewarn Act, would lower the threshold to companies with 75 or
more workers, and to 25 or more layoffs, while expanding the notifi-
cation time to 90 days. The legislation could be the subject of hear-
ings later this year.  Note that some states already have plant-closing
regulations more strict than the current federal requirements.   

Business Interests Call for NOL Relief 

Business interests in Washington are calling on policymakers to
seriously consider prompt enactment of Net Operating Loss (NOL)
relief legislation, as job losses continue to mount and access to cred-
it markets continues to be tight. Enactment of temporary NOL relief
legislation (S. 823/H.R. 2452) would extend the carry back period
from two to five years for losses incurred in 2008 and 2009 for com-
panies of all sizes and would help address both of these challenges.
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FLUE WALL BRICK CORROSION
MECHANISMS IN ANODE BAKING FURNACES

P. R. T. Tiba1, B.H. Teider2, J. B. Gallo2, V. C. Pandolfelli1, tiba_em03@yahoo.com.br or
vicpando@power.ufscar.br

1Materials Microstructural Engineering Group - GEMM, Materials Engineering Department, Federal University of São Carlos, Rod. Washington Luiz, km 235, São Carlos, SP,
Brazil
2Alcoa Alumínio S.A., Application, Development and Special Products Sales Area, Rod. Poços – Andradas, Km 10, Poços de Caldas, MG, Brazil

ABSTRACT

The flue wall brick used in anode baking furnace plays an
important role in the aluminum process as its selection and per-
formance has a direct impact on both, furnace costs and the
amount of metal produced. In this aspect, the search for opti-
mized compositions which could increase the refractory’s work-
ing life is always a target due to the close correlation between
the brick performance and the furnace maintenance costs.
Throughout the anode heat treatment process, some parameters
can affect the flue wall brick’s working life such as operational
practices, baking conditions and the furnace environment.
Nevertheless, in some plants, the chemical attack of the brick
can be quoted as the main parameter used by the aluminum pro-
ducer in order to evaluate its replacement. Therefore, the pres-
ent work aims to present a review about the main mechanisms of
corrosion observed on flue wall bricks and, then a case study of
a high chemical attack which resulted in their replacement and a
major increase of the anode furnace maintenance costs. The
results show that the materials chemical attack increase was
related to a change in the furnace process. Additionally, it is
pointed out that the quality control of the green anode, of recov-
ering coke and of refractory’s compositions is essential, when a
reduction in the brick corrosion is the aim.

INTRODUCTION

The large numbers of aluminum producers and the current
worldwide economic crisis have induced companies to adopt
strategies of reducing energy consumption and metal production
costs [1]. Considering the pre-baked technology plants, anode
baking furnaces have become an important issue due to the high
expenses on fuel, operational practices and refractory materials.
Additionally, the baked anode quality also has a direct impact on
the pot room performance and, consequently, on the amount of
aluminum produced [2]. 

Basically, anode baking furnaces consist of dense refractories,
called flue wall brick and tie brick, and insulating refractories
which are the thermal barriers that keep in the heat and save
energy.  Thus, refractory materials, mainly, flue wall brick,
plays a primary role in the process as its selection and perform-
ance have a major impact on the furnace construction and the
maintenance costs. Additionally, the demand for higher anode
productivity using a shorter firing cycle also promotes the
search for high quality materials [3-4].

Practical experiments confirm the importance of a suitable
selection of these refractories due to the high costs of replacing
refractories. However, as well as the quality of refractories,
other parameters clearly affect the materials’ working life during
the anode heat treatment: operational practices, such as loading
and unloading of the anodes, baking temperature range, furnace
design and the chemical environment [5]. Among these factors,
brick corrosion, which is primarily related to the furnace envi-
ronment, can be quoted as the main variable used by aluminum
producers to replace a used one [6]. 

Some papers in the literature show that the brick corrosion
mechanism is complex due to the various simultaneous reac-
tions.  Migration of CO(g) and CO2 (g) into the brick pores, reduc-
tion of the oxide components on the anode side and recrystal-
lization processes during cooling are some of these reactions [6-
7]. Therefore, the refractory microstructure becomes a heteroge-
neous composite, which spoils a proper post mortem evaluation
of the main chemical attack mechanism [8]. 

In order to better understand the corrosion mechanisms of
refractories, a review highlighting the major compounds in the
furnace environment and their reactions with the brick chemical
phases is presented. In a further step, a case study of a post
mortem chemical attack analyses in flue wall bricks for a spe-
cific anode furnace plant will also be presented. 

According to the literature, five major elements present in the
system can react with the refractories: alkalis, iron oxide, sulfur,
fluorine and carbon monoxide [5].

ALKALIS

Sodium oxide and potassium oxide sources are usually present
in the process, including, refractory bricks, burned fuel, recov-
ering coke and the recycled anode (butts) [5]. The main reactions
among the alkalis and the refractory are shown below: 

(1)

mailto:em03@yahoo.com.br
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(2)

Several authors suggested that the alkali attack mechanism on
silica-alumina refractories changes with the alumina content of the
bricks [5, 11-13]. For an alumina level corresponding to a typical
fireclay brick (around 50 wt% of alumina), the sodium gas reacts
with the brick’s microstructure, decomposing the mullite and gen-
erating nepheline and solid carbon (Equation 1), close to 1300ºC
(furnace operation temperature). This reaction is followed by a
volumetric expansion of 10%, resulting in stress and, consequent-
ly, cracks in the bricks [12, 14].  Additionally, carbon deposition
into the brick pores was detected, which induces mechanical stress
in the material. 

The reaction between potassium and silica-alumina brick is well
known in the literature. The potassium vapor permeates the bricks
and reacts preferentially with the matrix and the amorphous phase.
Then, cracks are generated in the brick due to the formation of
another expansive phase, kaliophilite, reducing the brick’s work-
ing life [11-13, 15]. Additionally, a carbon deposition in the bricks
pores is also detected, increasing the material damage (Equation

2).

Therefore, one alternative to reduce the materials alkali attack
can be the brick’s mechanical strength increase in order to keep the
brick’s integrity throughout the furnace operation. Considering
this, the stress generated by the reactions must be lower than the
mechanical strength of the refractories. Another approach is to
increase the alumina content in the brick’s composition and, con-
sequently, to reduce the free silica available for the reactions
(Equations 1 and 2). However, the literature shows that the alka-
li’s attack in high alumina refractory results in β-alumina, which is
also an expansive phase (about 17% in volume). Previous studies
confirm that high alumina refractories are susceptible to an alkali
attack due to the high volumetric expansion associated to the β-
alumina formation [12-13]. Nevertheless, some industrial experi-
ments showed that these compositions present high chemical
attack resistance, which is usually related to the lower reaction
kinetic [16]. 

IRON OXIDE

According to Ellingham’s diagram [17], under certain partial
pressure of O2 (g) and temperatures above 300ºC, the presence of
carbon and iron oxide induces the carbon monoxide formation due
to the high affinity of the carbon with oxygen. Thus, the iron oxide
is reduced, resulting in metallic iron and carbon monoxide, a com-
mon oxidation/reduction reaction (Equation 3). 

T > 300ºC            (3)

In the range of 400ºC and 800ºC, this free metallic iron will react
with CO gas from the environment, producing carbon dioxide and
iron carbide which can be dissociated into solid carbon and metallic
iron (Equation 4)  [16, 18-19].

T > 300ºC                 (3)

400ºC < T < 800ºC          (4)

Therefore, the presence of iron oxide also induces the solid carbon
formation in the brick, leading to an earlier brick failure.
Considering that the flue wall brick is mainly responsible for
adding this harmful compound in the system, the aluminum pro-
ducer must select the brick composition with a low iron oxide
content. 

SULFUR 

The brick’s corrosion by SOx follows a linear behavior (Figure

1) when the SOx(g) concentration versus the “dew point” (tempera-
ture that the gas turns into a liquid) is plotted.

Firstly, the sulfur gas seeps into the bricks’ pores and it is oxi-
dized, resulting in SOx. During the furnace operation, an increase
in the SOx concentration is observed in the brick, affecting the sul-
fur dew point temperature. For instance, at 1000ºC, when the local
sulfur content is higher than 650 ppm, the gas turns into a liquid,
which fills in the voids of the bricks and reacts with the water vapor
from the atmosphere. The combination of these elements and the
high temperatures result in sulfuric acid which corrodes the mate-
rials’ microstructure. Moreover, the simultaneous presence of
Na2O and SOx, forms Na2SO4 with, roughly, 10 molecules of com-
bined water. In the heating and cooling cycles, over long periods,
the water molecules are lost and recovered repeatedly, creating
stresses and, consequently, cracks in the bricks [16].

Therefore, it is essential to reduce the sulfur content inside the
furnace in order to avoid the sulfuric acid formation. Most likely,
the fuel and the recovering coke are the main source of this com-
pound in the system. However, further studies must be carried out
in order to clearly understand its origin. 

Figure 1. Concentration of sulfur (ppm) versus dew point (ºC) [16].
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FLUORINE

According to Carroll and Grobbelaar [5], the recycled anode used
in the green anode composition is the main source of fluorine in the
furnace. This element is vaporized at temperatures below 1260ºC.
Then, the fluorine gas reacts with the free silica of the refractories
and generates SiF4 (g) (Equation 5). At high temperatures, this gas
is released out of the brick, resulting in micro-cracks and voids
[16].  Additionally, by the reaction below, it is possible to detect the
sodium oxide formation, a harmful compound to the refractory, as
previously presented.  

(5)

Therefore, the butts cleaning operation is fundamental for the flu-
orine content reduction and, consequently, to avoid the materials’
micro-cracks due to SiF4 formation. On the other hand, the cost of
this procedure must be taken into account in order to prevent an
anode production increase.

CARBON MONOXIDE

In a reducing atmosphere, as observed in anode baking furnaces,
the carbon from the recovering coke and the green anodes react
with the oxygen from the system, generating carbon monoxide. As
previously quoted, cracks are generated in the bricks due to the
mismatch of the thermal expansion coefficient among the phases
generated in the microstructure (nepheline and kaliophilite) and the
development of undesired products (sulfuric acid and SiF4). Thus,
a higher surface area is available for the CO(g) penetration into the
bricks, inducing the carbon deposition (Figure 2). This reaction is
known as “Boudouard Equation” (Equation 6).

(6)

Besides Equation 6, another one is observed at high tempera-
tures. The free silica of the refractory reacts with carbon monoxide
resulting in silicon monoxide and carbon dioxide (Equation 7).
Hence, the free silica consumption modifies the original
microstructure of the brick, spoiling the materials’ hot properties.

(7)

Therefore, as mentioned previously, the brick’s corrosion is not
only carried out as described above, according to Pringent et al.
[20], sodium oxide helps the formation of the liquid phase, decreas-
ing its viscosity. Due to the capillary forces, this liquid permeates

the refractories, speeding up other chemical reactions such as,
sulfur and fluorine attack, carbon deposition and SiO2 reduction on
the anode side. Therefore, the search for optimized refractory
compositions and a cleaner environment are essential when a
reduction in furnace maintenance costs is the target.

Another objective of this paper is to apply this previous knowl-
edge in a post mortem analysis as in a specific anode furnace plant;
the flue wall bricks did not present the expected performance by
the aluminum producer. The refractory’s working life was reduced
by half due to a high chemical attack and this increased the furnace
maintenance cost. In order to understand the main reasons that can
lead to an earlier replacement of the brick, a systemic analysis was
carried out, based on the information of the previous review and
considering the furnace operational practices. As a result, two
hypotheses were formulated:

Hypothesis 1: Brick’s physical properties – The aim of this
approach is to verify whether changing the brick quality could have
affected the materials’ chemical attack resistance. This is an
important feature because over time, for different batches of
brick supply, a change in the flue wall brick chemical composi-
tion or in their firing conditions, could affect the phases present in
the brick’s microstructure, increasing the permeability and porosi-
ty of the materials and speeding up the bricks’ corrosion. 

Hypothesis 2: Anode furnace environment – The increase in
the concentration of harmful elements present in the furnace can
also speed up the corrosion reactions, even if the bricks present
a high chemical attack resistance. Therefore, a post mortem
analysis of the used bricks was carried out in order to evaluate
the behavior of the brick’s corrosion. Additionally, an evaluation
considering the baking process, the green anode and the recov-
ering coke compositions was carried out in order to investigate
the impact of these raw materials on the intensity of the brick’s
corrosion.

Methodology

Hypothesis 1
In order to check if the as-received brick used in the anode furnace

plant did not change its composition from batch to batch, some tests
were carried out (Table 1) and the results were compared with the
values obtained in the qualifying step [21]. It is important to highlight
that the evaluated properties were performed with as-received bricks
of different batches of the same supplier.

Figure 2. CO attack stages on the refractories [12].
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RESULTS AND DISCUSSIONS

The Brick’s Physical Poperties

Comparing the physical property results of the present brick
and those obtained in the qualifying step, it can be observed that
the refractory supplier did not change the quality of the brick.
This can be confirmed by the porosity, density and permeability
which, practically, maintained close values to the original ones
(Table 2). Additionally, Table 3 gives a strong indication that
the flue wall brick holds the same chemical composition for dif-
ferent batches. The alumina and silica content remained con-
stant, about 50% in weight and low content of alkalis, sulfur,
iron oxides and fluorine were observed for both data. Moreover,
the absence of carbon and sulfur in the as-received brick compo-
sition and their presence in the post mortem analysis is a clear

The evaluation of the apparent porosity and bulk density was
based on ASTM C830. 

The air permeability at room temperature was evaluated using an
internal standard procedure based on ASTM C577, with 70 mm
diameter x 25 mm thick cylindrical samples. The pressure drop and
the air velocity were measured and the permeability constants were
based on the Forchheimer Equation (8) [22].

(8)

where, Pi and Po (atm) are the absolute pressure at the entrance
and exit of the sample, respectively; P (atm) is the pressure at
the moment that the flow rate is measured; L (m) is the sample
thickness; µ (Pa•s) is the fluid viscosity; ρ (kg/m3) is the fluid
density; vs (m/s) is the superficial fluid velocity; k1 (m2) and k2

(m) are the Darcian (viscous) and Non-Darcian (inertial) perme-
ability constants, respectively.

The chemical analysis was performed according to NBR 3198.
For each composition, 200 grams of powder were prepared by
milling the brick in a tungsten carbide shatter box and the analyses
were performed in florescence x-ray equipment (PW 1440
model from Phillips).

The x-ray diffraction analyses were performed in order to
identify the mineralogical phases present in the materials using
the Rigaku Rotaflex equipment, RU-200B model, with a copper
tube and nickel filter. A comparison was made with the JCPDS
data files, using Brucker Difrac Plus ® software.

Hypothesis 2
In order to check the interaction among the elements present in

the furnace environment and the refractory microstructure, visual
inspection and post mortem analysis were carried out.

Visual Inspection

The first step to analyze the used bricks was the visual inspection.
Features such as, brick color, volume change and carbon impregna-
tion at the anode side were analyzed. Additionally, photographs were
taken in order to record the refractory’s physical changes.

Post-Mortem Analysis

The second step to verify the degree of brick corrosion was the
post-mortem analysis. From the same furnace, three used bricks
from distinct regions and all submitted to 83 working life cycles were
analyzed. From each used brick, three samples were withdrawn,
using Clipper cut-off equipment. It is important to highlight that the
letter “A” is related to the anode side of the brick, “B” stands for the
middle area and “C” for the burner side (Figure 3). The chemical
analysis and the x-ray diffraction were also used to analyze the
brick’s corrosion. 

Figure 3. Sample regions from the flue wall brick for the post mortem analysis.
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indicator that the source of each element inside the furnace must
be investigated. 

In order to ensure the materials performance during application
and to check the brick heat treatment conditions, such as firing
temperature and time, the crystallographic phases present in the
bricks were analyzed. Figure 4 shows the x-ray profile indicating the
presence of mullite, cristobalite, rutile, quartz and corundum. A
comparative analysis shows a very close profile for the brick
compositions from different batches.

Therefore, if, throughout time, an increase in the chemical
attack of the bricks was detected by the aluminum producer,
most likely this could not be related, in this case, to the flue wall
brick’s properties and, hence, the second hypothesis must be
checked.

POST MORTEM ANALYSIS OF THE USED
BRICKS

Visual Inspection

Three flue wall bricks from different regions of the furnace but
with the same 83 working life cycles and the same composition
were analyzed (Figure 5). The first important aspect is that all
samples presented a color change along their cross section (from
the anode to the burner side). This behavior is related to the carbon
deposition on the anode side of the bricks. 

Additionally, it is important to highlight the different behaviors
observed for each used brick: sample 1 presented the highest
dimensional stability as shown in Figure 5 and a color change
along the brick cross section; sample 2 presented high shrinkage,
very likely, due to a severe chemical attack during its working life
and the last sample presented a layer of coke impregnated on the
anode side of the brick, which can increase the furnace maintenance
cost due to the cleaning operation of the bricks. Therefore, these
3 individual behaviors can provide a strong indicative that the
bricks’ position inside the furnace walls can affect the corrosion
level of each refractory. Most likely, the temperature gradient
and the different thermo-mechanical conditions inside the furnace
affected the refractories corrosion behavior.

Figure 4. Representative x-ray diffraction for the qualifying brick and the present
one.

M    -      Al6Si2O13 -     Mullite

Cr   -          SiO2 -     Cristobalite

R    -         TiO2 -     Rutile

Q    -          SiO2 -     Quartz

C    -         Al2O3 -     Corundun

Figure 5. Cross sections of used samples 1, 2 and 3 after 83 working cycles.

Chemical Analysis 

In order to analyze the bricks’ corrosion level, a chemical
analysis was performed. The literature shows that five main elements
react with the refractories microstructure, reducing the material’s
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working life: alkalis, iron oxide, sulfur, fluorine and carbon
monoxide.

Alkalis 

Figure 6 shows the profiles of the alkali (sodium and potassium
oxides) content for the used samples and for the as-received one.
Thus, four distinct behaviors were observed: the as-received brick
presented the lowest and constant values of alkalis in its cross
section; sample 1 presented a high concentration of alkalis on the
anode side and in the middle of the brick, with lower values at the
burner side. Very likely, the alkali gases permeated the pores of the
bricks and reacted with the microstructure, resulting in new phases
such as kaliophilite and nepheline. After the attack, the alkalis
filled in the brick pores and acted as a barrier to the gas penetration,
reducing the alkali content on the burner side. It is important to
highlight that this is just a hypothesis. 

Sample 2 presented a distinct behavior when compared to the
other used bricks: a high concentration of alkalis all through the
brick. Most likely, this occurred due to the high chemical attack at
high temperatures, inducing its shrinkage as observed in Figure 5.
Hence, both the alkali content and the depth penetration along the
brick cross section were high.

Sample 3 presented a similar behavior to sample 1 with high alkali
content in the middle and on the burner side of the brick. However,
on the anode side, the alkali content was close to the as-received
brick. According to thermodynamic simulation (in equilibrium
conditions), the reaction stated in Equation 9 can occur at high
temperatures (1250°C) and low oxygen partial pressure (in the range
between 1.52.10-18 atm and 3.70 10-10 atm) [23]: 

(9)

Therefore, the presence of solid carbon and sodium oxide can gen-
erate carbon solid and gases, such as sodium and carbon monoxide
and this can be confirmed by the low values of alkalis (Figure 6) and
high carbon content on the anode side of this brick (Figure 10).  This
reaction can also be carried out at low oxygen partial pressure.

Iron Oxide

According to Figure 7, all used bricks presented a similar
behavior: the iron oxide content was reduced from the burner
side to the anode one. As previously shown, the iron oxide must
have been reduced, generating metallic iron that could react with

Figure 6. Alkali content in the flue wall bricks (the lines are just to guide the
eyes).

Figure 7. Iron oxide content in the flue wall bricks (the lines are just to guide the
eyes).

Figure 8. Sulfur content in the flue wall bricks (the lines are just to guide the
eyes).

Figure 9. Silica content in the flue wall bricks (the lines are just to guide the
eyes).

the carbon monoxide present in the system. As a final product of
this reaction, the carbon is deposited into the pores of the bricks.
Therefore, the search for flue wall brick compositions with lower
iron oxide content is usually required in order to avoid mechanical
stress due to carbon deposition.

Sulfur

All used samples presented an increase in the sulfur content,
mainly, on the anode side (Figure 8). Comparing these results with
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those observed in Table 3, it could be observed that the sulfur origin
cannot be related to the brick’s composition. Hence, the source of this
element inside the furnace must be investigated. Additionally, this
available sulfur present in the material can combine with the water
vapor from the atmosphere, resulting in sulfuric acid which can spoil
the materials’ properties in the working conditions.

Fluorines

Figure 9 shows interesting behavior as the silica content of two
used samples was reduced just on the anode side of the bricks. Most
likely, a reaction between fluorine and silica occurred, generating
SiF4 (g) and damage to the refractories. However, the silica content of
sample 2 presented an increase in the anode side. As previously pre-
sented, the chemical attack of this brick was intense along the furnace
operation, leading to a non-expected behavior. Most likely, the
brick’s position inside the furnace affects the corrosion degree.
Nevertheless, further studies must be carried out in order to clarify
this aspect.

Carbon Monoxide

By analyzing the samples and the obtained results of the chemical
analysis, a correlation between the carbon content and the visual
inspection of the bricks was attained. Sample 3, primarily, presented
a thick layer of coke impregnated on the anode side and the highest
value of carbon content. It is important to highlight that this behavior
is not desired because it reduces the pit size and increases the furnace
operational costs due to the cleaning process of the materials or their
replacements.

Therefore, the chemical analysis of the bricks is a good indication
of the materials’ corrosion degree. In some cases, a correlation
between the visual inspection and the chemical analysis was observed
and, according to the obtained results, the bricks’ position inside the
furnace can influence the materials’ corrosion level. However, the
chemical analysis is not enough to guarantee all of these reactions
were carried out. The x-ray diffraction was also performed and the
results are shown in the next section.

X-ray Diffraction

According to the chemical analysis of the samples before and after
using, it seems that the bricks underwent a high chemical attack
throughout their working life. However, the x-ray diffraction
presented a similar phase distribution for all used samples, where,

Figure 10. Carbon content in the flue wall bricks (the lines are just to guide the
eyes).

mullite, cristobalite, rutile, quartz and corundum were the main
phases in the microstructure (Figure 11). Analyzing the cristobalite
peak intensity, the behavior of the three used samples was similar,
increasing from the anode side to the burner one. Very likely, this is
associated to the silica reaction with alkalis and fluorine, which can
generate phases such as kaliophilite and nepheline. These phases
were not detected by the XRD, most likely due to their low content
(< 5 wt% in the sample).

The post mortem analysis confirmed that the brick’s failure
was primarily related to the presence of some harmful elements that
resulted in an intense chemical attack. Thus, the next step of this study
was to identify the origin of each harmful component inside the
furnace in order to reduce their contents and, consequently, decrease
the materials’ corrosion. 

During the anode baking, another two components present in the
furnace can be responsible for supplying the harmful components to
the bricks: the green anode and the recovering coke. Hence, an
investigation into their compositions over time was performed in
order to verify the interaction between the brick’s corrosion intensity
and the chemical composition of these raw materials.

GREEN ANODE

Figure 12 shows two different situations occurring simultaneously
in the furnace:     

Figure 11. Representative x-ray diffraction of the used samples 1, 2 and 3.
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inside the furnace environment is mainly related to the recovering
coke. Additionally, a new element was detected: vanadium. The
alkalis combined with vanadium results in low melting phases,
reducing the brick’s refractoriness [11]. Hence, the recovering
coke must also be chemically controlled in order to decrease the
brick’s damage.  

CONCLUSIONS 

Comparing the data obtained for the material supplied in qualifying
test and the present one, no change in the brick’s composition was
observed. Therefore, the shorter brick’s working life was not
related to the flue wall brick’s quality. Considering this, a suggestion
for the aluminum plants is to perform periodical quality control
tests for as-received brick to ensure that they do not change from
batch to batch. Usually, data-sheets last much longer without
changes than the actual compositions.

The post mortem analysis confirmed severe corrosion in the
bricks. Hence, in order to increase the flue wall brick’s working
life, the aluminum producer must also reduce the concentration of
the harmful elements inside the furnace environment using a time-
to-time chemical quality control of the green anode raw materials
and the recovering coke. Additionally, the search for bricks with
low alkali, free silica and high alumina should always be kept in
mind. 

The analyses pointed out that something occurred in the furnace
in 2003 that could have sped up the flue wall bricks corrosion. This
hypothesis was confirmed by the aluminum company, as in that
year, a high amount of green anodes were bought from another
anode paste plant, which enhanced the concentration of the harmful
compounds in the furnace and, consequently, the anode furnace
maintenance costs increased due to the flue wall brick’s working
life reduction.
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ABSTRACT

The thermal shock resistance of raw or mullitized single crystals
has been studied between 1200°C and room temperature.
Damaging of andalusite crystals occurs mainly during the first
thermal shock with a move of the cleavages and a generation of
cracks. The composite microstructure of mullitized andalusite
crystals seems to be a strong advantage in order to increase thermal
shock resistance. It can explain the good behaviour of fired
andalusite bricks regarding thermal cycling.

INTRODUCTION

Andalusite based refractory products are used satisfactorily in
applications where thermal shock resistance is required [1, 2].

By heating, andalusite (Al2O3•SiO2) is converted into mullite
(3Al2O3•2SiO2) and silica rich glass [3, 4]. Mullitization of
andalusite single crystal leads to a composite: about 83% of this
composite is mullite and the other 17% is silica rich glass [5, 6] which
becomes a glassy phase by cooling (Figure 1). The composition of
the mullite is close to 72% of Al2O3 and 28% of SiO2; it corresponds
to a 3:2 mullite.

The purpose of this paper is to understand how the mullitization
process affects thermal shock resistance of andalusite and mullitized
andalusite raw materials. 

STUDY OF THERMAL SHOCK: ULTRASONIC
TECHNIQUE AND EXPERIMENTAL
PROCEDURE

With an ultrasonic method, it is possible to determine Young’s
modulus which is an adequate characteristic to study the thermal
shock of andalusite and mullitized andalusite raw materials [7, 8].

BEHAVIOUR OF ANDALUSITE AND
MULLITIZED ANDALUSITE CRYSTALS UNDER
THERMAL SHOCK
L. Colombel1,2, M. L. Bouchetou1,2, J. Poirier1,2, Jacques.Poirier@univ-orleans.fr
1 CNRS-CEMHTI, 1D, avenue de la Recherche Scientifique, 45071 Orléans Cedex 2 France 
2 Université d’Orléans, [Polytech]

The velocity of the propagation of the ultrasonic waves depends on
several parameters: mineralogical phases, porosity, cracks network,
and chemical composition.

In the “long bar mode”, the velocity of the longitudinal waves is:

where E is the modulus of elasticity and ρ is the bulk density.

There is a direct relation between E, V and ρ [9]. Therefore, in
this paper, the elastic characteristics of refractories will be presented
in terms of ultrasonic velocity, which is the measured parameter, in
order to calculate the modulus of elasticity.  The ultrasonic system
is a SOFRANEL EPOCH equipment using two kinds of sensors:
M106 (2 MHz) or X1020 (100 MHz). The choice of the frequency
of the sensors depends on the material. The method of measurement
is the transmission mode method. The time between two successive
echoes corresponds to the time required for the ultrasonic wave to
go through the sample. 

As thickness L of the sample is known, time t is measured,
ultrasonic velocity V is calculated:

Large well-formed crystals of andalusite (5.8 mm diameter) were
carefully selected. Mullitized andalusite crystals were prepared
by firing andalusite crystals up to 1500°C with a 900°C/h slope and
a six-hours dwell time at maximum temperature. The crystals were
cut perpendicularly to their c-axis and one face (001) was polished.

The thermal shock resistance of andalusite or mullitized
andalusite single crystals has been studied between 1200°C and
room temperature. 1200°C has been chosen because at this tem-
perature, the associated minerals melt providing a liquid phase
and mullitization is beginning. 

The polished grains are put into an electric furnace and heated at
1200°C (at a heating rate of 300°C/h). After two hours heating to
homogenise temperature in the crystal, the samples are submitted to
thermal shocks in the air. Quenching time from 1200 to 20°C was less
than five seconds. Prior to testing and after each quench, the velocity
of propagation of ultrasonic waves, perpendicular to the c axis was
measured with Sofranel EPOCH equipment and the polished face
was examined by scanning electronic microscope (SEM) using
secondary or backscattered electron imaging. The Figure 2 shows
the experimental procedure of the successive thermal shocks. 

Figure 1. Polished section of an andalusite grain transformed into a mullite-glass
composite by heating to 1700°C (backscattered electrons SEM micrograph).

mailto:Poirier@univ-orleans.fr
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cracks are generated by the successive thermal shocks which
contribute to the advanced thermal shock performance. 

They may develop:

• With the same orientation. The orthogonal cracks are in
fact the traces of andalusite cleavages;

• Or without any relation to the cracks created during the
previous thermal shock.  

After 4 cycles, the pattern observed after 1 cycle remains. We
only see an increase in the surface of the white phase which is a
glass resulting from the melting of associated minerals. The
associated mineral inclusions are located in a particular area of
the crystal called chiastolite. The chiastolite is revealed by the
melting of these inclusions.

After each thermal cycle, interesting changes are observed
(Figure 4).

• The initial cracks of the crystals are partly sealed by a
glass as soon as the first cycle has been completed.

• In the same time, new cracks appear elsewhere.
• Cracking and sealing can occur during each cycle.

Coalescence of droplets at the surface reveals that more
glass is expelled cycle after cycle.

SEM micrographs reveal that during two hours heating at
1200°C before each thermal shock, a silica-rich vitreous phase
appears which may fill, by capillarity, the network of cracks created
by the thermal shocks. This melting phase, due to alkalis and
iron oxides contained in minor mineral inclusions (quartz, phyl-
losilicates, ilmenite) of andalusite grains cures the existing
cracks and stops the new cracks which are generated by the next
thermal shock. 

Simultaneously, the mullitization of andalusite begins at
1200°C, through a dissolution precipitation mechanism [10, 11].
Mullite develops in andalusite from defect-rich zones and par-
ticipates in the cure of the network of cracks (Figure 5). Two
“antagonistic” phenomena occur simultaneously: the heating
allows the formation of a liquid phase, which cures some micro
cracks and may increase Young’s modulus. But the thermal
shocks generate small cracks, which may decrease Young’s
modulus. The result is a stable Young’s modulus.
Consequently, andalusite provides excellent thermal shock
resistance.  There is a relation between ultrasonic elasticity
properties and the evolution of microstructures: cracks are
deflected or healed by glass-mullite zones.

Evaluation of the thermal shock performances of mullitized
andalusite crystals, comparison of the ultrasonic velocity of
andalusite and mullitized andalusite is included below.

Figure 6 shows the evolution of the velocity of ultrasonic
waves for three representative crystals of mullitized andalusite
after four successive thermal shocks.

A sealing of the initial cracks after one cycle occured (Figure

7). The silica glass is expelled from the crystal and precipitation
of iron oxides occurs in the glass.

The evolution of the ultrasonic velocity as a function of the thermal
shock cycles shows a strong difference between andalusite and
mullitized andalusite (Figure 8).

• For andalusite, the decrease in the velocity occurs from
the first cycle and is stable afterwards. This decrease

RESULTS AND DISCUSSION

Evaluation of the thermal shock performance of
andalusite crystals 

Figure 3 shows the evolution of the velocity of ultrasonic waves
for three representative crystals of andalusite after ten successive
thermal shocks. The first thermal shock is the most damageable.
After the other thermal shocks, ultrasonic velocity and the modulus
of elasticity are then found to be stable.

The initial andalusite contains some inclusions and exhibits an
initial network of cracks, even before the first thermal shock. The
initial cracks result from opening of the (110) cleavage planes.
After the first thermal shock (one cycle), the surface has already
changed considerably:

• The amount of cracks has increased and large cracks appear.
• A white new phase appears, located in geometrical figures.

This is the reason why ultrasonic velocity decreases. There is no
micro-structural relation between the initial cracks (before the first
thermal shock) and the cracks created by thermal shocks. The new

Figure 2. Experimental procedure applied for thermal shock study on andalusite
and mullitized andalusite crystals.

Figure 3. Evolution of the velocity of ultrasonic waves for three representative
crystals of andalusite after 10 successive thermal shocks.
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Figure 4. Backscattered electron image of the initial aspect of andalusite crystal and the aspect of the crystal after thermal shocks.
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Figure 5. Backscattered electron image of the andalusite crystal after thermal
shocks (curing of a crack with mullite).

depends on the initial state of the crystal. The crystal that
shows the highest initial velocity shows also the sharpest
drop;

• For mullitized andalusite, ultrasonic velocity does not
decrease but increases slightly. The behaviour is also stable for
the next cycles. Homogeneity of the behaviour of mullitized
andalusite is confirmed.

CONCLUSION

Ultrasonic velocity measurements and microstructure study
lead to several conclusions:

• The behaviour of andalusite crystals under thermal shocks
depends on the initial state of the crystal (amount of associat-
ed mineral and amount of cracks);

Figure 6. Evolution of ultrasonic velocity mullitized andalusite crystals.

Figure 7. Backscattered electrons image of a mullitized andalusite crystal.
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• Cleavages of andalusite seem to move during thermal
shocks and could contribute to decreasing fracture energy;

• If the firing temperature is high enough, the melting of
associated minerals provides a recovery of the cracks initiated
by the first thermal shock and consequently decreases the
damage; 

• Cycle after cycle, the mullitization of andalusite occurs
even at 1200°C and is concentrated in the stressed areas;

• Transformation into mullite of andalusite crystals during fir-
ing improves their behaviour under thermal shock because
it homogenizes the microstructure of the initial crystal
(building up of a unique mullite-silica glass network, seal-
ing of cracks, and melting of associated minerals).

Damaging of andalusite crystals occurs mainly during the first
thermal shock with a move of the cleavages and generation of
cracks.  During the short dwell time at 1200°C between each thermal
shock, the melting of associated mineral and mullitization occurs.
The liquid phase limits the effect of the thermal shock because
it enables crack recovery. The crack healing process seems to
occur as early as the first thermal shock for mullitized andalusite
crystals. The composite microstructure of mullitized andalusite
crystals seems to improve thermal shock resistance. It can
explain the good behaviour of fired andalusite bricks regarding
thermal cycling.
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Figure 8. Evolution of ultrasonic velocity of andalusite (A1, A2, A3) and mulli-
tized andalusite crystals (MA1, MA2, MA3) – Vo initial velocity.

Similar NOL relief legislation was previously passed by the House
and Senate early in 2009, but was significantly pared back as part of
the final stimulus law.

REGULATORY

OSHA Moves on Crystalline Silica

The Occupational Safety and Health Administration announced that
it plans to complete its peer review of the Health Effects Analysis and
Quantitative Risk Assessment for Crystalline Silica by September.
By setting this early milestone, OSHA is signaling that work on its
long-awaited comprehensive health regulation to address occupation-
al exposures to crystalline silica will now begin to move forward in

TRI News Continued From Page 4
earnest.  The peer review had been stalled under the Bush
Administration.  The agency could publish a proposed rule in early
2010.

CONFERENCES AND SEMINARS

TRI Fall, Spring Membership Meetings

Planning is underway for the TRI Fall Membership Meeting to be
held at the Embassy Suites Hotel near the Pittsburgh Airport,
September 30-October 1, 2009.  Mark your calendars now.  While
you have them out, make a note to be in Napa Valley in California
June 2-4, 2010 for the TRI Spring Membership Meeting. R AN



Refractories Applications and News, Volume 14, Number 5 Sept/Oct 2009 19

Herein arises the concept of thermal shock.  Thermal shock refers
to the damage to the refractory produced by the propagation of the
stress (strain) wave.  Many test methods specify the evaluation of the
degree of mechanical deterioration by determining elastic or strength
moduli before and after repeated heating and cooling cycles.  Thus it
may be expected that the refractory could “absorb” thermal strain
damage without sufficient deterioration to completely lose structural
integrity.  In “absorbing” the energy of thermal shock it may under-
go permanent changes in micro or macro structure, which lead to
physical property changes but not to complete mechanical failure.
These concepts indicate that effects due to thermal shock are not
unlike those related to impact or fatigue.

If the propagation of thermal shock damage is sufficient to cause
loss of structural integrity or actual loss of material from the structure
then the dynamic process has proceeded to thermal spalling.
The standard ASTM test for spalling is based on a weight loss
determination of a panel subjected to a series of heating and
cooling cycles sufficiently exaggerated to take the process of thermal
shock to thermal spalling.  The condition of heat transfer in the
original test was designed to simulate boiler service.  When results
from this test are difficult to correlate from one laboratory to another,
it may well be that heat transfer conditions are not duplicated.  Only
a temperature is specified in the operation of the test.

Some degree of restraint, anisotropy, or inhomogeneity always
exists in a refractory material under conditions of dynamic heating.
Even in equilibrium heating the inertial resistance to thermal strain
offers enough restraint to make normal thermal expansion a stress
producing property.  If elasticity is assumed then:

Expansion stress, � = Elastic Modulus
Expansion strain, ε

Also

ε = αΔT

where α is the linear coefficient of thermal expansion and ΔT the
temperature change.  If this expansion is modeled as a heated bar
restrained longitudinally, the elasticity involves shear, tension and
compression and

where E is flexural modulus and μ is Poisson’s ratio.  Because 

this expression for the thermal stress then also considers shear by the
incorporation of the shear modulus, G.

The temperature gradient ΔT, therefore produces the stress
gradient.  Steady state heat transfer within the body generally
leads to a uniform temperature gradient and hence a uniform
stress gradient.  Unsteady state heat transfer is the condition in

THERMAL STRESS DYNAMICS

Alfred W. Allen, Professor, Ceramic and Nuclear Engineering, University of Illinois, Urbana, Illinois
Presented at the Refractories Symposium, The St. Louis Section of the American Ceramic Society, April 6, 1973 Engineers Club of St. Louis

Applying the term “dynamics” to thermal stress implies a force
and its relation to the motion and equilibrium of a body of matter.
Thermal stress is indeed a dynamic phenomenon referring to stress
gradients induced by differential thermal strain under a temperature
gradient in a refractory.  The driving force for the temperature
gradient is the heat flux to the refractory combined with the resulting
heat transfer response in the refractory.  In classical interpretations
reference is made to Biot’s modulus, β, which is the ratio: 

where h is the coefficient of heat transfer from the surrounding to
the body, K is the thermal conductivity of the refractory and rm is
the factor related to heat transfer path length. rm is the normal distance
from a center, an axis, or a midplane to the heated surface depending
on the shape under consideration. The coefficient, h, may be
altered considerably by the nature of the boundary layer at the
heated surface.

Historical Reprint

If β is increased this means that the rate of ambient heat energy
transfer to the refractory has increased relative to the energy transfer
within the refractory.  An impact analogy is useful here in that the β
increases the phenomenon becomes similar to a sharp impact loading.
The effect of the boundary layer could be to “soften the blow”.

Quantitatively, for larger values of β:
1. The magnitude of the stress at the heated surface increases;
2. The time interval to achieve maximum surface stress is

shortened;
3. The time duration of maximum surface stress is shortened.

The thermal stress wave has therefore started at the heated surface
and is propagated to cooler regions with the transfer of heat.  The
thermal stress generates a strain depending on the elastic response of
the material.  Note here that a simplifying assumption is complete
elasticity.

Editor’s Note - A number of years ago I poured through all of
the past St. Louis Symposium proceedings looking for particu-
larly good and still relevant manuscripts.  I am confident,
although saddened, that we have likely the only complete set in
existence.  It is that realization that prompted me to begin these
historical reprints in RAN.  Although we are nearing the end of
my original list, I have expanded my search to include other,
obscure or largely unavailable, sources for reprint considera-
tion.  The current two manuscripts are from Al Allen.  Along
with two associated inserts that I thought would be appropriate
as well as the front cover of Chang Min Chun receiving the
most recent Al Allen Award.  I decided to include them both as
a mini-tribute to Professor Allen.
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many refractory structures where heating and cooling cycles are
rapid.  This leads to nonuniform and changing temperature gra-
dients, hence, the thermal stress distribution is quite complex.

If the stress is considered to be an incremental stress at a point in
the refractory, the maximum allowable stress would be a strength
parameter, S or 

�max = S

ΔT at this point then would be the temperature gradient to initiate
failure at the point, ΔTf.  Or as the stress analyst would say: “to
nucleate cracks”.  Therefore

When the actual geometry of the refractory shape is considered
the temperature gradient is also a result of the heat transfer prop-
erties and shape.  It can be shown that

This relationship becomes the basis for thermal shock criteria or for
the nucleation of thermal stress cracking.

Each application for the refractory must be assessed to determine
which of these factors is controlling.  Most often the shape is dictat-
ed by other considerations and cannot be modified to improve ther-
mal shock.  It is interesting that criteria of good aerodynamic design
lead to optimized geometry insofar as thermal shock is concerned.  If
the heat transfer coefficient is so large as to be essentially infinite,
then the mechanical factor alone is controlling.  If the thermal con-
ductivity is very high in relation to the heat flux input (low h), then
the mechanical property factor may be of little importance at least in
dictating resistance to thermal stress.

If the thermal expansion coefficient approaches zero then ΔTf

would approach infinity.  A silica refractory approaches this behav-
ior above 800ºF.  But between room temperature and 800ºF, the sili-
ca refractory has a very large expansion coefficient.  The problem
then relates to operation in getting and keeping the silica refractory
above 800ºF.  Fused silica glass has a very low expansion curve from
room temperature up, but it will devitrify to cristobalite.  Cristobalite
has an essentially infinite expansion coefficient in the range of room
temperature to 500ºF.

All of the above considerations have been related to the criteria for
nucleating cracks by thermal stress.  When all of the requirements for
a refractory material are considered related to such considerations as
slag resistance, cost, thermal cycling and ease of installation, it seems
improbably that a material would ever perform its function com-
pletely free of thermal crack patterns.  In the design of the refractory
structure it is feasible, however, to assume that thermal crack propa-
gation could be limited.  This propagation requires that the strain
energy released during cracking be greater than or equal to the ener-
gy dissipating mechanisms available.  The limitation of thermal crack
propagation and resulting improved thermal spalling resistance then
requires a microstructure that would interrupt the scatter strain ener-
gy.  Studies have shown this mechanism to be related primarily to
types of surface energy:

1. Thermodynamic surface free energy;
2. Anelastic deformation at crack tip surfaces;

3. Plastic or viscous deformation on new surface formed by
crack nuclei;

4. Charge on fresh surfaces.

In polyphase, heterogeneous refractory microstructures the strain
energy introduced in the material may be less than the surface ener-
gy at grain and pore boundaries.  This heterogeneity may actually
promote essential absorption of strain energy released in localized
thermal shock and slow down crack propagation.  Boundaries
between brittle and plastic (or viscoelastic) phases provide regions for
strain energy dissipation by inelastic deformation.  The plastic or vis-
cous layer of heated material may act as a kind of boundary layer in
which relaxation of the stress gradient occurs.  This “pyroplastic”
condition may sustain large magnitudes of load-induced stress and be
markedly resistant to thermal stress propagation.  This is often exhib-
ited by silica rich refractories, which maintain structural stability by
virtue of the high viscosity of the liquid.  This is not generally true of
basic refractories, which have low viscosity liquids.  Composite
microstructures of phases having widely different elastic moduli also
exhibit a type of boundary strain dissipation.

Hasselman has shown, in fact, that thermal stress crack nuclei may
present a kind of self-limitation to crack propagation.  He shows that
the stored energy is the sum of the elastic energy plus the energy
stored in crack nuclei.  This crack system can be quite stable and not
promote propagation if the temperature gradient is below a critical
value.  The critical gradient is dependent on elastic properties, num-
ber of cracks and crack length.  It is possible then to have a hetero-
geneous refractory microstructure containing crack nuclei all of
which interrupt thermal stress propagation.

The following biographical data is reprinted from The St. Louis Section
of the Eighth Annual Symposium on Refractories (Theme: Mass
Transportation in Refractories) sponsored by The American Ceramic
Society at the Engineer’s Club, St. Louis, MO on April 21, 1972
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The stored elastic energy is:

If this is compared to the previous equation for, ΔTf, the tempera-
ture gradient to nucleate cracks, it can be seen that both of these indi-
cate that a high strength to flexural elastic modulus ratio is desired.
If the limit of Poisson’s ratio is zero, then the shear modulus should
be half of the flexural modulus.  Mechanically this is a material of
high resiliency.  Thus a material of high strength and high modulus
would be inferior to a material of moderate strength and low modu-
lus.  Required is a high extensibility, a large area under the stress
strain curve, and a high strain to fracture, regardless of the strength.

The importance of grain size distribution and heterogeneity had
been shown to be important in the days of development of open-
hearth silica brick.  A grain size distribution with coarse quartzite
with added iron oxide proved to have a safe heating rate twice that
of conventional silica refractory.

A somewhat different aspect of the thermal spalling problem is
illustrated by refractories that have been subjected to long-term
service so that zones have developed due to the temperature gradient
and conditions of slag attack.  This has been referred to as
“metasomatism” in previous symposia.  Illustrated is a silica brick
from extended use in the crown of a glass tank.  (EDITOR’S NOTE:
Figure not included with original manuscript printed.) The zoning
shown is the result of the changing equilibrium polymorphic content
of the silica as well as the penetration of alkali into the hot face.  The
hot face in this case is primarily tridymite.  Behind the hot face is a
zone having primarily cristobalite and tridymite, while still a third
zone exists that has the polymorphic content of the original refracto-
ry.  Because silica transformation temperatures occur in definite
ranges, distinct discontinuities in both reversible thermal expansion
and in permanent volume change occur at these zone junctions.  The
crown becomes more sensitive to thermal cycling.  It also may be
unstable at the elevated temperature of the crown because of the per-
manent volume change mismatch.  The elastic modulus discontinu-
ity in these zones is also noted.

Rigby showed recently the possibility of elastic modulus disconti-
nuities in magnesite-chrome brick as being contributory to the
shelling or peeling of basic refractory walls. In a single phase
material the elastic modulus would be expected to decrease with
temperature.  But in a magnesite-chrome refractory the sharp
composition gradient at the magnesia-chrome interface produces a
spinel reaction layer by diffusion.  (This was discussed in some detail
at the 1972 symposium).  There is a thermal expansion mismatch
between the spinel and magnesia grains generating a thermal stress
at these micrograin boundaries.  This prestressed condition in the
microstructure causes a stiffening effect in the refractory seen as
a measured increase in elastic modulus.  Combined with slag
penetration this physical property discontinuity can produce an
unstable refractory structure even though the temperature in the
furnace is not cycling.

These effects could be considered to be a kind of stress-corrosion
condition peculiar to the process and the particular furnace operation.
A detailed understanding of the use of the refractory in a materials
system that makes the total structure less dependent on the thermal
shock behavior of the refractory is the only answer here.  The
evolution of the internally plated brick with hold-up, hold-down

suspension in the basic open-hearth roof is an example of a highly
developed system of this type.

SUMMARY
1. The proper condition of heat transfer must be analyzed to

assess the probable role of such parameters as Biot’s modu-
lus, thermal conductivity, and thermal diffusivity in relation
to thermal stress dynamics.

2. Resistance to thermal stress nucleation and thermal shock
propagation is favored by a material having a high extensi-
bility or thermal resiliency.

3. The grain boundary condition and grain size distribution of a
refractory can limit the propagation of thermal shock.

4. Designs which offer thermal stress relief by mechanical pre-
stressing are often feasible in making the structure stable in
a thermal stress environment.

5. Altering the boundary layer of a material to influence Biot’s
modulus and hence affect the magnitude and build of surface
thermal stress is possible.

6. Low thermal expansion coefficient favors low thermal stress
but the expansion coefficient may not always remain con-
stant with changing conditions of service.
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strain, �o, the relaxation time at constant stress, t�, and the relaxed
modulus, ER, as indicated.  Note that since the stress rate is zero
essentially the entire time, ER is only a function of instantaneous
stress and strain, strain rate and relaxation time at constant stress.

Also when �̇ = o,

Erroneously the relaxation is often considered to be instanta-
neous with the stress, which is a way of saying that t�, also equals
zero and then the relaxed and unrelaxed moduli must be equal.
This simplifying assumption is certainly not true particularly at
elevated temperatures.

Anelastic stress-strain response in tension may also be consid-
ered as a cyclic thermodynamic phenomenon wherein work is
done during the stress increase portions of the cycle and recovered
when the stress is released.  The difference in these two work func-
tions is reflected in the mechanical hysteresis and represents ener-
gy dissipated during the process of deformation.  If this cycle is at
an extremely rapid stress rate, the energy (heat) dissipated is not
transferred from the material and its internal energy change is isen-
tropic (constant entropy).  Its temperature will fall with tensile
strain at constant entropy according to:

where V is the molecular volume, � the coefficient of thermal
expansion, E is Young’s Modulus, and CV the specific heat at con-
stant volume.  For most oxides α is positive and the isentropic
assumption may be valid.  For compression the algebraic sign of
this function is +.

When the stress cycle occurs as very low stress rates the energy
dissipated is easily transferred, the deformation is isothermal and
the entropy is probably not constant.

Anelastic response to cyclic stress is usually between these ther-
modynamic limits, the energy loss per cycle being dependent on
the frequency of stress cycling.  The ability to produce this energy
loss in the acoustical spectrum is termed damping capacity.  It is
often determined on a vibrating specimen whose geometry is such
that the frequency is in the audible range and occurs at very low
stress levels.  The dynamic elastic moduli are thus determined near
the origin of the stress-strain curve.  A characteristic stress fre-
quency, Fo, is found at which the damping capacity is a maximum.

ELASTICITY AND ANELASTICITY IN
REFRACTORIES 

Alfred W. Allen, Professor, Ceramic and Nuclear Engineering, University of Illinois
Presented at the3rd Annual Symposium on Refractories, St. Louis Section of the American Ceramic Society, Engineers’ Club of St. Louis, Missouri, April 14, 1967

The pivotal role of microstructure in the progress of characteri-
zation of a refractory has been discussed in previous lectures at this
symposium.  It has also been pointed out that the chemical charac-
terization of refractories has been optimized to a degree compati-
ble with their economics of production.  Product development in
refractories is emerging to an era where more sophisticated
mechanical characterization is becoming a requirement.  This dic-
tates a need to understand the role that phase placement
(microstructure) and its relation to mechanical behavior plays in
the total characterization of the refractory.

Correlation between the microstructure of refractory oxides and
mechanical properties at room and elevated temperatures is being
improved by interpreting the stress-strain response as a model
anelastic phenomenon.  Not only do such studies help in the under-
standing of mechanical behavior at the continuum level, but they
also help define the mechanism of deformation at the microstruc-
tural and atomistic levels providing information on structure not
discernable by other means.

The definition of anelasticity has its origins in an examination of
the strain response of a material to a simple square wave stress pro-
gram.  In perfect elastic response the strain follows the stress with
no time lag, responding instantaneously so that a mirror image
square sine wave results.  In anelastic response a portion of the
strain response is always time dependent so there is a stress level
at which the strain begins to lag the stress.  This response has a
mechanical analog as shown where the portion of the response
which is elastic is shown as two springs in parallel and the time
dependent portion is shown as a dashpot in series parallel with the
springs.  Upon application of the stress the springs extend until
they are strained to the level �u during which time the dashpot was
in an unrelaxed position.  At the strain level �u the dashpot begins
to move (or relax).  This is the level at which the time-dependent
movement of the dashpot governs the strain response.  As the stress
is released the elastic deformation �u of the springs is immediately
recovered followed by a relaxation in the dashpot again until the
time dependent �R is recovered.

This gives rise to two definitions of elastic moduli, the unrelaxed
modulus, Eu and the relaxed modulus, ER.  The latter modulus must
consider the strain and stress rates ( �̇ and �̇ ) and the relaxation
times at constant stress (t�) and constant strain (t�) as indicated.

For the simple square wave stress assumed the strain at any time,
�t, is a function of the instantaneous stress, �o, the instantaneous

Historical Reprint
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The period of this vibration, i.e. the reciprocal of the characteristic
stress frequency, should be the relaxation time of the process pro-
ducing the energy loss.

Rather than conduct the extensive experiments necessary to
establish the characteristic stress frequency it is expedient with
ceramic materials to analyze the vibration of one of the fundamen-
tal modes of vibration in a prismatic specimen or a long rod.  The
two fundamental modes of vibration which are relatively easy to
excite are the first mode of flexural vibration and the first mode of
torsional vibration.  From the resonant frequency, FR, of the first
mode of vibration, Young’s modulus of elasticity, E, may be deter-
mined by

E = C1 W FR
2

where W is the weight of the specimen.  Note that with a prismat-
ic section vibration in this flexural mode requires that the inertia of
the vibrating nodal section be overcome.  The constant C is there-
fore involved in this inertial correction being dependent on the
moment of inertia of the nodal section and the ration of its radius
of gyration to the length of the prism.  From the frequency of the
first mode of torsional vibration the modulus of rigidity may be
calculated in a somewhat similar manner.  Since the frequencies of
these transverse modes of vibration are often in the audible range,
the technique is referred to as “sonic testing”.

If the specimen is forced to vibrate in a fundamental mode like
the first mode of flexure, a record of the frequency-amplitude
response near the characteristic resonant frequency, FR, for that
mode can be analyzed to yield a value for damping capacity.  This
damping is the energy dissipation discussed before.  Since it pre-
sumably arises from time-dependent movement of structural ele-
ments within the material, it is termed internal friction.  By analo-
gy to electrical circuits the reciprocal of the capacitance, Q-1, is
actually the tangent of the phase angle between the stress wave and
the strain wave, the stress leading the strain.

The internal friction may also be determined from decay of free
vibration at the resonant frequency for a fundamental mode.  These
methods supplement one another.  When the internal friction is
low, the half width, �F, of the amplitude-frequency plot becomes
small and difficult to determine.  When the damping is large the
attenuation of the free vibration is very rapid, making the time
interval for the amplitude decrement, �t, difficult to determine.

Instrumentation as shown will allow determination of the reso-
nant frequency for a specimen suspended for flexural vibration.
When the oscillator is turned off the trigger sweep actuates the
storage oscilloscope and a record of the attenuation of the vibration
is made.  By motorizing the oscillator sweep and providing it with
an energized rotary potentiometer, the frequency may be plotted
against the output of the amplitude-sensing pickup using a flat bed
function plotter.  Either of these may be analyzed to produce the
damping capacity.  Appropriate corrections, however, must be
made for the suspension system.  The unrelaxed Young’s modulus
is determined from the resonant frequency FR.

If the measuring system can be established to provide informa-
tion on a specimen at elevated temperature it can lead to much
information relative to the deformation mechanism.  It must be
considered, however, that the complexity of the microstructure of
an oxide may complicate the interpretations somewhat.  Ceramic

materials might be thought of as being in a structural series with the
single crystal as one end member and a complex, polyphase, poly-
crystalline material with its assemblage of defects, pores, and
impurity phases as the other end member.  Proceeding from the sin-
gle crystal the first degree of complexity is introduced by the pres-
ence of grain boundaries.  These boundaries are, of course, regions
of change in entropy and represent defective regions in themselves.
Herein reside two sources of anelastic response.

When solute atoms are present within the structure of the oxide
they occupy selected sites which can only be accommodated in a
relatively strain-free state.  Under stress the unit cell will elongate
parallel to the direction of stress.  Poisson contraction in directions
normal to the stress may force solute atoms to diffuse or “jump”
into a position between atoms in line with the direction of applied
stress.  The energy loss accompanying this process will usually be
detected if the internal friction is determined as a function of tem-
perature.  The diffusion of Cr+3 in alumina and the movement of
Na+1 in glass have been detected by this method.

Grain boundary relaxation is a primary source of internal friction
often occurring at a characteristic temperature.  The classical inter-
pretation shows a discontinuity in the decrease in elastic modulus
at the grain boundary relaxation temperature.  But this is not always
true in a polycrystalline complex having highly anisotropic expan-
sion characteristics.  In the case of a silica refractory an initial
expected drop in elastic modulus is followed by a sharp increase.
This seems to imply that the anisotropic expansion combined with
displacive polymorphic changes in the quartz, tridymite, and crys-
tobalite present produce internal grain boundary stress which com-
pensates for the relaxation expected.  Again in the case of poly-
crystalline nickel oxide internal anisotropy generates a stress com-
pensation in the region of the ferromagnetic transformation tem-
perature.  An antiferromagnetic to paramagnetic change near
300°C is shown.  An internal strain component is generated which
is additive with the usual strain component causing E to increase
until at the transformation temperature, the strain is released and
normal relaxation begins.

The structure of UO2 is somewhat typical of so-called pure
oxides and represents this degree of microstructure complexity.
The internal friction at room temperature is strongly dependent on
the grain size or grain surface contact indicating the overriding
influence of grain boundaries on anelastic energy loss.  The other
prominent feature of the microstructure is the grain boundary
porosity.  The strong dependence of elastic modulus is well known
for oxides.  The next degree of complexity of microstructure is
quite characteristic of oxide systems.  The exsolution of a second
phase is the consequence of the cosolubility at elevated tempera-
tures with a rapidly decreasing solubility as the temperature is low-
ered.  When the oxygen to uranium ratio is increased (to UO2.071)
and the material is quenched through a solubility boundary this
degree of complexity is illustrated.  U4O9-Y is precipitated within
the boundaries of the primary UO2+X to produce a Widmanstatten-
type structure.  The three phase assemblage: pores, primary UO2+X,
and the exsolved U4O9-Y is well developed.  If the grain size is kept
constant and porosity normalized, the internal friction and elastic
modulus are strongly dependent on this second phase.

In other approaches to the study of stoichiometry and boundary
effects in urania the boundary region has been treated as a highly
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disordered phase so that the grain boundary viscosity is deter-
mined.  Generally this “viscosity” is simply the stress divided by
the strain rate in a creep experiment.  This type of experiment may
be difficult to reconcile with the internal friction studies because
the long heat treatment necessary to obtain the creep data produces
mass transport which changes the microstructure.

In the classical internal friction experiment, activation energies
can be calculated if the determination can be made at at least two
frequencies.  This can be done by changing the geometry of the
specimen while keeping all microstructural factors constant.

It is axiomatic that raw materials for refractory oxides can be
beneficiated only to a degree compatible with the economics of
production and utilization of the final product.  Therefore, the need
for considering the most complex end member of the microstruc-
tural series is evident.  Impurity phases may be present simply
because they come with the major desirable phase and were not
economically feasible to remove.  Such phases often exist at the
boundaries as shown in the model and are considered to be a vis-
cous liquid at elevated temperatures which is retained as a super-
cooled or glass phase a room temperature.  This phase may thus
control the internal friction in a manner which produces a high
background level in anelastic response.  Superimposed on this
background would be the internal friction peaks accompanying the
various processes of deformation.

In modern basic refractories the liquid phase has been carefully
controlled so that it is isolated by the direct-bonded solid phase.
The diffusion interface formed during use of the refractory thus
becomes an important feature of the microstructure.  As the peri-
clase regions and the high chrome regions undergo codiffusion a
secondary spinel interface is formed.  Mechanical behavior as evi-
denced by grain boundary anelasticity and the elastic modulus-
temperature function will depend on maintenance of the integrity
of this interface.

If the change in the elastic modulus of a chemically bonded
refractory is followed as the temperature rises, the relaxation
accompanying the degradation of the chemical bond is readily
observed.  As the ceramic bond begins to develop, the elastic mod-
ulus begins to increase again as the modified structure begins to
develop.

In summary, internal friction studies along with dynamic modu-
lus-temperature functions combined with microstructure character-
ization should further define origins of deformation in refractory
oxides.  Understanding of mechanical behavior should be the net
result.
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AluChem, Inc.

One Landy Lane

Cincinnati, OH  45215

Tel: (513) 733-8519 

Fax: (513) 733-0608

E-mail: pormond@aluchem.com

Website: www.aluchem.com
Alumina and specialty raw materials for the

refractory industry:

•Calcined Alumina •Tabular Alumina

•Reactive Alumina •Zircon Sand & Flour

•High Purity Magnesite •Toll Processing
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Kyanite Mining Corporation
Dillwyn VA 23936 USA
Sales: 434.983.2043
WWW. KYANITE.COM
hankjamerson@kyanite.com
dilipjain@kyanite.com

Enjoy 50% savings when using Virginia
Kyanite™ 325m as a cost saving substitute for
calcined alumina in a variety of monolithics.
Our new product, Micronized Kyanite can also
be a cost effective substitute for silica fume,
which can result in better high temperature
properties. Rely on KMC for abundant supplies
and consistent quality.

C-E Minerals

901 East Eight Avenue

King of Prussia, PA 19406

Tel: 610-768-8800  Fax: 610-337-7163

E-mail: inquire@ceminerals.com

Website: www.ceminerals.com
A major world supplier of quality raw mate-

rials and services to the refractory and

related industries.

• Mulcoa® 47, 60, 70 • Teco-Sil®

• Alpha Star® • Andalusite

• Spinel • Bauxite

• Fused White Alumina

• Brown Fused Alumina

Phosphate bonds from

Products and Services

• Mono-Magnesium Phosphate
Powder

• Buffered Mono-Aluminum
Phosphate Solution

• Dry blending and packaging

• Fine Grinding

Tel: 610-869-3031  Fax: 610-869-9805
150 S. Jennersville Rd. 
West Grove, PA 19390

Email: info@phosphatebonds.com
Website: www.phosphatebonds.com

MISSOURI REFRACTORIES CO. INC.
1198 Mason Circle

Pevely, MO  63070

Tel: (636) 479-7770  Fax: (636) 479-7773

E-mail: morco@refractories.net

The Refractory Specialty Specialist

Customized mix design and manufacturing

Central USA location

Consistent products made fresh for your order

PRODUCTS PRODUCTS PRODUCTS

Buyer’s GuideDIRECTORY OF PRODUCTS AND SERVICES

Freeport Brick Division

Kittanning Brick Division

500 Mill St., P.O. Box 338

Freeport PA 16229

Tel: 724-295-2800  Fax: 724-295-2815

www.fuziontechnologies.us

We provide a wide range of Fireclay, High
Duty, and High Alumina Refractory shapes for
numerous applications in the chemical, alu-
minum, cement, lime, steel, and paper & pulp
industries. In addition, we are the manufacturer
of DURO brick, which is an Industry standard.

mailto:hankjamerson@kyanite.com
mailto:dilipjain@kyanite.com
mailto:inquire@ceminerals.com
http://www.ceminerals.com
mailto:pormond@aluchem.com
http://www.aluchem.com
mailto:morco@refractories.net
mailto:info@phosphatebonds.com
http://www.phosphatebonds.com
http://www.fuziontechnologies.us
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SERVICESPRODUCTS PRODUCTS

Members of the ANH Refractories Family of Companies.

Glass: 513-947-8400 EX 169 Iron & Steel: 412-375-6722

Cement and Lime: 412-375-6771 Industrial Metals: 412-375-6873

Environmental, Energy & Chemical Markets: 412-375-6873

400 Fairway Drive • Moon Township, PA 15108

website: www.anhrefractories.com

Christy Minerals Company

833 Booneslick 

High Hill, MO  63350

Tel: (636) 585-2214  Fax: (636) 585-2220

E-mail: info@christyco.com

Website: www.christyco.com

Christy Minerals mines, processes and

markets a variety of clays and minerals for

the refractories industry.  Products include

calcined MO flint clays, raw clays (including

Hawthorn Bond®), bauxite, burley and

diaspore.  Custom calcining, grinding and

packaging also available.

RESCO PRODUCTS, INC.

Penn Center West

Building 2, Ste. 430

Pittsburgh, PA 15276

Tel: (412) 494-4491 or (800) 354-1211

Fax: (412) 494-4571

E-mail: sales@rescoproducts.com

Website: www.rescoproducts.com

Resco Products, Inc., is a leading global

manufacturer and supplier of advanced

high quality monolithic, formed and brick

refractories for the metals producing,

hydro-carbon, power, cement and lime,

ceramics, mineral and general manufac-

turing industries.

Dr. Charles E. Semler

Refractories Consultant

10153 E. Elmwood Dr.

Chandler, AZ  85248

Tel: (480) 895-9830  Fax: (480) 895-9831

E-mail: cesemler@aol.com
Semler Materials Services provides varied
services related to industrial refractories,
based on 35 yrs. experience. Services include
inspection/troubleshooting, failure analysis,
product development, lining design review,
standard/special testing, microscopy, sonic
testing, sonic testing, quality assurance, corporate
due diligence, workshops, legal/expert assistance,
and more.

Buyer’s GuideDIRECTORY OF PRODUCTS AND SERVICES

Alsey Refractories Company
1600 S. Brentwood Blvd., Ste. 210
Saint Louis, MO  63144
Tel:  (314)963-7900
Fax: (314)963-7973
E-mail: info@alsey.com
Website: www.alsey.com 

Alsey Refractories Company specializes in the private branding of High

Duty and Medium Duty Firebrick as well as wet and dry specialties for

major manufacturers within the refractory industry.

http://www.anhrefractories.com
mailto:info@christyco.com
http://www.christyco.com
mailto:sales@rescoproducts.com
http://www.rescoproducts.com
mailto:cesemler@aol.com
mailto:info@alsey.com
http://www.alsey.com
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Buyer’s Guide Rates:
Suppliers please state which category you wish to be listed under or submit your own heading.
Contact:  Mary Lee, Missouri S&T, 223 McNutt Hall, Rolla, MO  65409, Tel: (573) 341-6561
Fax: (573) 341-6934, or E-mail: leemj@mst.edu.  Rates for insertion: $90 per listing in any cat-
egory for 6 issues, one year.  U.S. currency,   Payable in advance to: RReeffrraaccttoorriieess  AApppplliiccaattiioonnss
aanndd  NNeewwss. Your company will also be listed on our website buyer’s guide at no additional cost.

ALUMINA-CALCINED

ALUMINA-FUSED

Almatis
501 West Park Rd., Leetsdale, PA  15056
Tel: (412) 630-2800  Fax: (412) 630-2810
www.almatis.com

AluChem, Inc.
One Landy Lane. Cincinnati, OH 45215
Tel: (513) 733-8519  Fax: (513) 733-0608
pormond@aluchem.com 

NABALTEC AG
Alustraße 50 - 52, 92421 Schwandorf, Germany 
Tel: +49 9431 53-457  Fax: +49 9431 61557
ceramics@nabaltec.de                     www.nabaltec.de

C-E Minerals
901 East Eight Ave., King of Prussia, PA 19406
Tel: (610) 768-8800 Fax: (610) 337-7163
inquire@ceminerals.com           www.ceminerals.com          

Washington Mills Electro Minerals
PO Box 423, Niagara Falls, NY  14302-0423
Tel: (800) 828-1666 Fax: (716) 278-6650
sales@washingtonmills.com

ALUMINA-REACTIVE

ALUMINA-TABULAR

Almatis
501 West Park Rd., Leetsdale, PA  15056
Tel: (412) 630-2800  Fax: (412) 630-2810
www.almatis.com

AluChem, Inc.
One Landy Lane. Cincinnati, OH 45215
Tel: (513) 733-8519  Fax: (513) 733-0608
pormond@aluchem.com 

NABALTEC AG
Alustraße 50 - 52, 92421 Schwandorf, Germany 
Tel: +49 9431 53-457  Fax: +49 9431 61557
ceramics@nabaltec.de                     www.nabaltec.de

Almatis
501 West Park Rd., Leetsdale, PA  15056
Tel: (412) 630-2800  Fax: (412) 630-2810
www.almatis.com

AluChem, Inc.
One Landy Lane. Cincinnati, OH 45215
Tel: (513) 733-8519  Fax: (513) 733-0608
pormond@aluchem.com 

C-E Minerals
901 East Eight Ave., King of Prussia, PA 19406
Tel: (610) 768-8800 Fax: (610) 337-7163
inquire@ceminerals.com           www.ceminerals.com

ALUMINA-TRIHYDRATE

BASIC BRICKS

Almatis
501 West Park Rd., Leetsdale, PA  15056
Tel: (412) 630-2800  Fax: (412) 630-2810
www.almatis.com

Resco Products, Inc.
Penn Center West, Bldg. 2, Ste. 430
Pittsburgh, PA 15276
Tel: (412) 494-4491 or (800) 354-1211 
Fax: (412) 494-4571 
sales@rescoproducts.com     www.rescoproducts.com

BAUXITE

C-E Minerals
901 East Eight Ave., King of Prussia, PA 19406
Tel: (610) 768-8800 Fax: (610) 337-7163
inquire@ceminerals.com
www.ceminerals.com          

Christy Minerals
833 Booneslick, High Hill, MO  63350
Tel: (636) 585-2214  Fax: (636) 585-2220
info@christyco.com                    www.christyco.com                   

Great Lakes Minerals, LLC
1200 Port Rd., Wurtland, KY 41144-1635
Tel: (606) 833 8383   Fax: (606) 834 1106
www.greatlakesminerals.com

CALCIUM ALUMINATE CEMENT

Almatis
501 West Park Rd., Leetsdale, PA  15056
Tel: (412) 630-2800  Fax: (412) 630-2810
www.almatis.com

Kerneos Inc.
1316 Priority Lane, Chesapeake, VA  23324
Tel: (757) 543-8832  Fax: (757) 545-8933
www.kerneosinc.com                       www.secar.net.

USEM
600 Steel St., Aliquippa, PA 15001
Tel: (724) 857-9880  Fax: (724) 857-9916
lcurimbaba@usminerals.com

BORON CARBIDE

Electro Abrasives Corp.
701 Willet Rd., Buffalo, NY 14218
Tel: (800) 284-4748  Fax: (716) 822-2858
info@electroabrasives.com 

Washington Mills Electro Minerals
PO Box 423, Niagara Falls, NY  14302-0423
Tel: (800) 828-1666 Fax: (716) 278-6650
sales@washingtonmills.com

Resco Products, Inc.
Penn Center West, Bldg. 2, Ste. 430 
Pittsburgh, PA 15276
Tel: (412) 494-4491 or (800) 354-1211  
Fax: (412) 494-4571 
sales@rescoproducts.com     www.rescoproducts.com

Cancarb Ltd.
1702 Brier Park Crescent N.W.
Medicine Hat, Alberta, Canada T1C 1T8
Tel: 1-(403) 527 1121 or 1-(888) 871-0077
Fax: 1-(403) 529-6093
Customer_service@cancarb.com   www.cancarb.com/      

CARBON

CEMENT (AIR SETTING)

CERAMIC COATINGS

SPECIALTY MOLD RELEASE AGENTS

UNIFRAX I LLC
2351 Whirlpool St., Niagara Falls, NY 14305
Tel: (716) 278-3800   Fax: (716) 278-3900
info@unifrax.com              www.unifrax.com

Refractory Specialties, Inc.
230 W. California Ave., Sebring, OH 44672
Tel: (330) 938-2101  Fax: (330) 938-2574
sales@rsifibre.com                        www.rsifibre.com

ZIRCAR Ceramics, Inc.
100 North Main St., P.O. Box 519
Florida, NY 10921
Tel: (845) 651-6600  Fax: (845) 651-0441
dph@zircarceramics.com    www.zircarceramics.com

CERAMIC FIBER SHAPES

Refractory Specialties, Inc.
230 W. California Ave., Sebring, OH 44672
Tel: (330) 938-2101  Fax: (330) 938-2574
sales@rsifibre.com                        www.rsifibre.com
UNIFRAX I LLC
2351 Whirlpool St., Niagara Falls, NY 14305
Tel: (716) 278-3800   Fax: (716) 278-3900
info@unifrax.com              www.unifrax.com

ZIRCAR Ceramics, Inc.
100 North Main St., P.O. Box 519
Florida, NY 10921
Tel: (845) 651-6600  Fax: (845) 651-0441
dph@zircarceramics.com    www.zircarceramics.com

CERAMIC FIBER BOARDS

Zschimmer & Schwarz Inc
70 GA Highway 22 W, Milledgeville, GA 31061
Tel 478 454 1942  Fax 478 453 8854
PCuthbertZSUS@Windstream.Net
www.Zschimmer-schwarz.com

CHEMICAL ADDITIVES FOR THE
REFRACTORIES INDUSTRY

Buyer’s Guide

DRYING AND CURING OF REFRACTORIES
(ON SITE)

Excelsius Global Services GmbH
BGM. Dr Nebel Strasse 14
97816, Lohr am Main   Germany
Tel: 0049 (0) 9352 604400  
Fax: 0049 (0) 9352 604419
fschwarzenau@excelsius-lohr.de
www.excelsius-global.com

Team Industrial Services 
3640 W. 179th St., Hammond, IN  46323 
Tel: (219) 838-0505  Fax: (219) 838-8558 
cgorney@teamindustrialservices.com 
www.teamindustrialservices.com 

C-E Minerals
901 East Eight Ave., King of Prussia, PA 19406
Tel: (610) 768-8800 Fax: (610) 337-7163
inquire@ceminerals.com          www.ceminerals.com

Clayburn Refractories Ltd.
33765 Pine St., Abbotsford, BC, CA V2S 5C1
Tel: 604-859-5288 or 604-851-4556
rdlane@clayburngroup.com

FIREBRICKS AND FIRECLAYS

FIBERS - POLYPROPYLENE & GLASS 

BassTech International 
300 Grand Ave., Englewood, NJ 07631 
Tel: :201) 569-8686  Fax: (201) 569-7511 
info@basstechintl.com          www.basstechintl.com 

mailto:leemj@mst.edu
http://www.almatis.com
mailto:pormond@aluchem.com
mailto:ceramics@nabaltec.de
http://www.nabaltec.de
mailto:inquire@ceminerals.com
http://www.ceminerals.com
mailto:sales@washingtonmills.com
http://www.almatis.com
mailto:pormond@aluchem.com
mailto:ceramics@nabaltec.de
http://www.nabaltec.de
http://www.almatis.com
mailto:pormond@aluchem.com
mailto:inquire@ceminerals.com
http://www.ceminerals.com
http://www.almatis.com
mailto:sales@rescoproducts.com
http://www.rescoproducts.com
mailto:inquire@ceminerals.com
http://www.ceminerals.com
mailto:info@christyco.com
http://www.christyco.com
http://www.greatlakesminerals.com
mailto:info@electroabrasives.com
mailto:sales@washingtonmills.com
http://www.almatis.com
http://www.kerneosinc.com
http://www.secar.net
mailto:lcurimbaba@usminerals.com
mailto:service@cancarb.com
http://www.cancarb.com
mailto:sales@rescoproducts.com
http://www.rescoproducts.com
mailto:info@unifrax.com
http://www.unifrax.com
mailto:sales@rsifibre.com
http://www.rsifibre.com
mailto:info@unifrax.com
http://www.unifrax.com
mailto:dph@zircarceramics.com
http://www.zircarceramics.com
mailto:sales@rsifibre.com
http://www.rsifibre.com
mailto:dph@zircarceramics.com
http://www.zircarceramics.com
mailto:PCuthbertZSUS@Windstream.Net
http://www.Zschimmer-schwarz.com
mailto:fschwarzenau@excelsius-lohr.de
http://www.excelsius-global.com
mailto:cgorney@teamindustrialservices.com
http://www.teamindustrialservices.com
mailto:info@basstechintl.com
http://www.basstechintl.com
mailto:inquire@ceminerals.com
http://www.ceminerals.com
mailto:rdlane@clayburngroup.com
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Resco Products, Inc.
Penn Center West, Bldg. 2, Ste. 430
Pittsburgh, PA 15276
Tel: (412) 494-4491 or (800) 354-1211  
Fax: (412) 494-4571      
sales@rescoproducts.com     www.rescoproducts.com

MONOLITHIC REFRACTORIES PUMPABLE

ARTECH TECHNOLOGIES LLC -
ACTCHEM® USA
1000 S. Elmwood, P.O. Box 754, Mexico, MO 65265
Tel: (800)708-9470
info@actchem-usa.com

XERTECH SPECIALTIES LLC
1000 S. Elmwood, P.O. Box 754, Mexico, MO 65265
Tel: (330)770-7714  Fax:(330)629-9252
info@xertechllc.com

MONOLITHIC REFRACTORIES

Resco Products, Inc.
Penn Center West, Bldg. 2, Ste. 430
Pittsburgh, PA 15276
Tel: (412) 494-4491 or (800) 354-1211  
Fax: (412) 494-4571 
sales@rescoproducts.com     www.rescoproducts.com     

MONOLITHIC REFRACTORIES MOULDABLE

Clayburn Refractories Ltd.
33765 Pine St., Abbotsford, BC, CA V2S 5C1
Tel: 604-859-5288 or 604-851-4556
rdlane@clayburngroup.com

Resco Products, Inc.
Penn Center West, Bldg. 2, Ste. 430
Pittsburgh, PA 15276
Tel: (412) 494-4491 or (800) 354-1211  
Fax: (412) 494-4571 
sales@rescoproducts.com     www.rescoproducts.com     

Saint-Gobain Ceramics
1 New Bond St., MS 301-432
Worcester, MA 01615-0136
Tel: (508) 795-2963  Fax: (508) 795-5011
patrick.m.stephan@saint-gobain.com
www.refractories.saint-gobain.com

MONOLITHIC REFRACTORIES GUNNING

Clayburn Refractories Ltd.
33765 Pine St., Abbotsford, BC, CA V2S 5C1
Tel: 604-859-5288 or 604-851-4556
rdlane@clayburngroup.com

HIGH ALUMINA FIREBRICKS

C-E Minerals
901 East Eight Ave., King of Prussia, PA 19406
Tel: (610) 768-8800 Fax: (610) 337-7163
inquire@ceminerals.com          www.ceminerals.com

USEM
600 Steel St., Aliquippa, PA 15001
Tel: (724) 857-9880  Fax: (724) 857-9916
lcurimbaba@usminerals.com         

Washington Mills Electro Minerals
PO Box 423, Niagara Falls, NY  14302-0423
Tel: (800) 828-1666 Fax: (716) 278-6650
sales@washingtonmills.com

FUSED SPINEL

Applied Ceramics, Inc.
5555 Pleasantdale Rd., Atlanta, GA 30340
Tel (678) 735-4925  Fax  (770) 368-8261
Sean.McDevitt@AppliedCeramics.com
www.appliedceramics.com

Nth Degree Products
404 Laurel Ridge Rd., Hainesport, NJ 08036
Tel: (609) 518-9447 Fax: (609) 518-9445 
nthdegreeproducts@Yahoo.com

Saint-Gobain Ceramics
1 New Bond St., MS 301-432
Worcester, MA 01615-0136
Tel: (508) 795-2963  Fax: (508) 795-5011
patrick.m.stephan@saint-gobain.com
www.refractories.saint-gobain.com

Sunrock Ceramics Company
2625 S. 21st Ave., Broadview, IL 60155
Tel: (708) 344-7600,  Fax: (708) 344-7636
dthurman@sunrockceramics.com
www.sunrockceramics.com

KILN/FURNACE FURNITURE

Clayburn Refractories Ltd.
33765 Pine St., Abbotsford, BC, CA V2S 5C1
Tel: 604-859-5288 or 604-851-4556
rdlane@clayburngroup.com

IFB, Inc.
610 East Butler Rd., Butler, PA 16002
Tel: (724) 282-1012 Fax: (724) 285-7673
ifbinc@aol.com
www.insulatingfirebrick.com            

Saint-Gobain Ceramics
1 New Bond St., MS 301-432
Worcester, MA 01615-0136
Tel: (508) 795-2963  Fax: (508) 795-5011
patrick.m.stephan@saint-gobain.com
www.refractories.saint-gobain.com

INSULATING BRICKS

AluChem, Inc.
One Landy Lane. Cincinnati, OH 45215
Tel: (513) 733-8519  Fax: (513) 733-0608
pormond@aluchem.com 

HIGH PURITY MAGNESITE

Kyanite Mining Corporation
Dillwyn VA 23936
Tel Sales: (434) 983-2043 
info@kyanite.com                        www.Kyanite.com

KYANITE

MONOLITHIC FIBER GUNNING

C-E Minerals 
901 East Eight Ave., King of Prussia, PA 19406
Tel: (610) 768-8800 Fax: (610) 337-7163 
inquire@ceminerals.com         www.ceminerals.com

Minco, Inc. 
510 Midway Circle, Midway, TN 37809  
Tel: (423) 422-6051 Fax: (423) 422-4802 
sales@mincoitc.com                           mincoitc.com 

Washington Mills Electro Minerals
PO Box 423, Niagara Falls, NY  14302-0423
Tel: (800) 828-1666 Fax: (716) 278-6650
sales@washingtonmills.com

FUSED SILICA

C-E Minerals
901 East Eight Ave., King of Prussia, PA 19406
Tel: (610) 768-8800 Fax: (610) 337-7163
inquire@ceminerals.com          www.ceminerals.com

USEM
600 Steel St., Aliquippa, PA 15001
Tel: (724) 857-9880  Fax: (724) 857-9916
lcurimbaba@usminerals.com          

Washington Mills Electro Minerals
PO Box 423, Niagara Falls, NY  14302-0423
Tel: (800) 828-1666 Fax: (716) 278-6650
sales@washingtonmills.com

FUSED MULLITE

C-E Minerals
901 East Eight Ave., King of Prussia, PA 19406
Tel: (610) 768-8800 Fax: (610) 337-7163
inquire@ceminerals.com         www.ceminerals.com

Great Lakes Minerals, LLC
1200 Port Rd., Wurtland, KY 41144-1635
Tel: (606) 833 8383   Fax: (606) 834 1106
www.greatlakesminerals.com

USEM
600 Steel St., Aliquippa, PA 15001
Tel: (724) 857-9880  Fax: (724) 857-9916
lcurimbaba@usminerals.com

Washington Mills Electro Minerals
PO Box 423, Niagara Falls, NY  14302-0423
Tel: (800) 828-1666 Fax: (716) 278-6650
sales@washingtonmills.com

FUSED ALUMINA

UNIFRAX I LLC
2351 Whirlpool St., Niagara Falls, NY 14305
Tel: (716) 278-3800   Fax: (716) 278-3900
info@unifrax.com              www.unifrax.com

MONOLITHIC PUMPABLE

UNIFRAX I LLC
2351 Whirlpool St., Niagara Falls, NY 14305
Tel: (716) 278-3800   Fax: (716) 278-3900
info@unifrax.com              www.unifrax.com

Clayburn Refractories Ltd.
33765 Pine St., Abbotsford, BC, CA V2S 5C1
Tel: 604-859-5288 or 604-851-4556
rdlane@clayburngroup.com

High-Temp, Inc.
14025 N. Rivergate Blvd., Portland, OR 97203
Tel: 1 (800) 325-2492  Fax: (503) 737-0771
lesg@hightempinc.net              www.hightempinc.net

Resco Products, Inc.
Penn Center West, Bldg. 2, Ste. 430
Pittsburgh, PA 15276
Tel: (412) 494-4491 or (800) 354-1211  
Fax: (412) 494-4571
sales@rescoproducts.com     www.rescoproducts.com     

Saint-Gobain Ceramics
1 New Bond St., MS 301-432
Worcester, MA 01615-0136
Tel: (508) 795-2963  Fax: (508) 795-5011
patrick.m.stephan@saint-gobain.com
www.refractories.saint-gobain.com

MONOLITHIC REFRACTORIES-CASTABLE

Buyer’s GuideBuyer’s Guide

FURNACE/REFRACTORY PREHEATING
(ON SITE)

Excelsius Global Services GmbH
BGM. Dr Nebel Strasse 14
97816, Lohr am Main   Germany
Tel: 0049 (0) 9352 604400  
Fax: 0049 (0) 9352 604419
fschwarzenau@excelsius-lohr.de
www.excelsius-global.com

Resco Products, Inc.
Penn Center West, Bldg. 2, Ste. 430
Pittsburgh, PA 15276
Tel: (412) 494-4491 or (800) 354-1211  
Fax: (412) 494-4571 
sales@rescoproducts.com
www.rescoproducts.com

Saint-Gobain Ceramics
1 New Bond St., MS 301-432, 
Worcester, MA 01615-0136
Tel: (508) 795-2963  Fax: (508) 795-5011
patrick.m.stephan@saint-gobain.com 
www.refractories.saint-gobain.com

Sunrock Ceramics Company
2625 S. 21st Ave., Broadview, IL 60155
Tel: (708) 344-7600,  Fax: (708) 344-7636
dthurman@sunrockceramics.com
www.sunrockceramics.com

FIRECLAYS

Christy Minerals
833 Booneslick, High Hill, MO  63350
Tel: (636) 585-2214  Fax: (636) 585-2220
info@christyco.com                   www.christyco.com

mailto:info@unifrax.com
http://www.unifrax.com
mailto:info@unifrax.com
http://www.unifrax.com
mailto:info@actchem-usa.com
mailto:info@xertechllc.com
mailto:rdlane@clayburngroup.com
mailto:lesg@hightempinc.net
http://www.hightempinc.net
mailto:sales@rescoproducts.com
http://www.rescoproducts.com
mailto:stephan@saint-gobain.com
http://www.refractories.saint-gobain.com
mailto:rdlane@clayburngroup.com
mailto:sales@rescoproducts.com
http://www.rescoproducts.com
mailto:stephan@saint-gobain.com
http://www.refractories.saint-gobain.com
mailto:sales@rescoproducts.com
http://www.rescoproducts.com
mailto:sales@rescoproducts.com
http://www.rescoproducts.com
mailto:rdlane@clayburngroup.com
mailto:info@christyco.com
http://www.christyco.com
mailto:fschwarzenau@excelsius-lohr.de
http://www.excelsius-global.com
mailto:inquire@ceminerals.com
http://www.ceminerals.com
http://www.greatlakesminerals.com
mailto:lcurimbaba@usminerals.com
mailto:sales@washingtonmills.com
mailto:inquire@ceminerals.com
http://www.ceminerals.com
mailto:lcurimbaba@usminerals.com
mailto:sales@washingtonmills.com
mailto:inquire@ceminerals.com
http://www.ceminerals.com
mailto:sales@mincoitc.com
mailto:sales@washingtonmills.com
mailto:inquire@ceminerals.com
http://www.ceminerals.com
mailto:lcurimbaba@usminerals.com
mailto:sales@washingtonmills.com
mailto:sales@rescoproducts.com
http://www.rescoproducts.com
mailto:stephan@saint-gobain.com
http://www.refractories.saint-gobain.com
mailto:dthurman@sunrockceramics.com
http://www.sunrockceramics.com
mailto:pormond@aluchem.com
mailto:rdlane@clayburngroup.com
mailto:ifbinc@aol.com
http://www.insulatingfirebrick.com
mailto:stephan@saint-gobain.com
http://www.refractories.saint-gobain.com
mailto:McDevitt@AppliedCeramics.com
http://www.appliedceramics.com
mailto:nthdegreeproducts@Yahoo.com
mailto:stephan@saint-gobain.com
http://www.refractories.saint-gobain.com
mailto:dthurman@sunrockceramics.com
http://www.sunrockceramics.com
mailto:info@kyanite.com
http://www.Kyanite.com


32 Sept/Oct 2009 Refractories Applications and News, Volume 14, Number 5

Sachtleben Chemical Company
4826 Chatelaine Dr., Dublin, OH 43017-2169
Tel: (614) 284-9699 Fax: (614) 761-7909
vrestivo@hotmail.com            www.sachtleben.com

TITANIA

Fibercon International Inc.
100 S. Third St, Evans City, PA 16033
Tel: (724) 538-5006  Fax: (724) 538-9118
info@fiberconfiber.com       www.fiberconfiber.com      

STEEL FIBERS

High-Temp, Inc.
14025 N. Rivergate Blvd., Portland, OR 97203
Tel: 1 (800) 325-2492  Fax: (503) 737-0771
lesg@hightempinc.net             www.hightempinc.net

TFL, Incorporated
14626 Chrisman, Houston, TX 77039
Tel: 281-590-8500 or 800-828-5002 
Fax: 281-590-5342
tfl@tflhouston.com               www.TFLHouston.com

ZIRCAR Ceramics, Inc.
100 North Main St., P.O. Box 519
Florida, NY 10921
Tel: (845) 651-6600  Fax: (845) 651-0441
dph@zircarceramics.com    www.zircarceramics.com

PRE-CAST REFRACTORY SHAPES

Kyanite Mining Corporation
Dillwyn VA 23936
Tel Sales: (434) 983-2043 
info@kyanite.com                        www.Kyanite.com

NABALTEC AG
Alustraße 50 - 52, 92421 Schwandorf, Germany 
Tel: +49 9431 53-457  Fax: +49 9431 61557
ceramics@nabaltec.de                    www.nabaltec.de

MULLITE

Minelco Inc.
2020 Scripps Ctr., 312 Walnut St.
Cincinnati, OH 45202
minelco.inc@minelco.com            www.minelco.com

Unimin Corporation
258 Elm St., New Canaan, CT 06840
Tel: 800-243-9004 Fax: 800-243-9005
metalcaster@unimin.com         www.metalcaster.com

OLIVINE

Resco Products, Inc.
Penn Center West, Bldg 2, Ste. 430
Pittsburgh, PA 15276
Tel: (412) 494-4491 or (800) 354-1211  
Fax: (412) 494-4571     
sales@rescoproducts.com     www.rescoproducts.com

Saint-Gobain Ceramics
1 New Bond St., MS 301-432
Worcester, MA 01615-0136
Tel: (508) 795-2963  Fax: (508) 795-5011
patrick.m.stephan@saint-gobain.com
www.refractories.saint-gobain.com

PRECISION REFRACTORY SHAPES

JLW Ventures, Inc., D/B/A Johnson Machine Co.
P.O. Box 669, 290 Bigler Ave., Clearfield, PA 16830
Tel: (814) 765-9648  Fax: (814) 765-9640
inquiry@johnsonmachineco.com 
www.johnsonmachineco.com

Alcon Tool Company
587 Baird St., Akron, OH 44311
Tel: 330-773-9171  Fax 330-773-8042
www.alcontool.com                      rd@alcontool.com

PRESS TOOLING

UNIFRAX I LLC
2351 Whirlpool St., Niagara Falls, NY 14305
Tel: (716) 278-3800   Fax: (716) 278-3900
info@unifrax.com              www.unifrax.com

VanceCeramics101, Inc.
23 Pheasant Run Dr., Export PA 15632
Tel: or Fax: (724) 327-1680
bvance23@comcast.net

PRODUCT ENGINEERING/QA SERVICES

Refractory Machining Services
610 E. Butler Rd., Butler, PA  16002
Tel: (724) 285-7674  Fax: (724) 285-7673
refrmachserv@aol.com

REFRACTORY MACHINING 

High-Temp, Inc.
14025 N. Rivergate Blvd., Portland, OR 97203
Tel: 1 (800) 325-2492  Fax: (503) 737-0771
lesg@hightempinc.net             www.hightempinc.net

REFRACTORY LANCES

Clayburn Refractories Ltd.
33765 Pine St., Abbotsford, BC, CA V2S 5C1
Tel: 604-859-5288 or 604-851-4556
rdlane@clayburngroup.com

REFRACTORY BRICKWORK INSTALLATIONS

REFRACTORY CERAMIC FIBER

Clayburn Refractories Ltd.
33765 Pine St., Abbotsford, BC, CA V2S 5C1
Tel: 604-859-5288 or 604-851-4556
rdlane@clayburngroup.com

REFRACTORY GUNNING INSTALLATIONS

Blastcrete Equipment Company
2505 Alexandria Rd., PO Box 1964
Anniston, AL  36202
Tel: (256) 235-2700 or 1 (800) 235-4867  
Fax: (256) 236-9824
jim@blastcrete.com or tripp@blastcrete.com

REFRACTORY GUNNING & SHOTCRETE
EQUIPMENT

Resco Products, Inc.
Penn Center West, Bldg. 2, Ste. 430
Pittsburgh, PA 15276
Tel: (412) 494-4491 or (800) 354-1211 
Fax: (412) 494-4571
sales@rescoproducts.com    www.rescoproducts.com 

REFRACTORY ANCHORS

C-E Minerals
901 East Eight Ave., King of Prussia, PA 19406
Tel: (610) 768-8800 Fax: (610) 337-7163
inquire@ceminerals.com          www.ceminerals.com          

Resco Products, Inc.
Penn Center West, Bldg. 2, Ste. 430
Pittsburgh, PA 15276
Tel: (412) 494-4491 or (800) 354-1211  
Fax: (412) 494-4571 
sales@rescoproducts.com
www.rescoproducts.com

Unimin Corporation
258 Elm St., New Canaan, CT 06840
Tel: 800-243-9004 Fax: 800-243-9005
metalcaster@unimin.com        www.metalcaster.com

REFRACTORY AGGREGATES

A-TEN-C, Inc.
P.O. Box 58184, Pittsburgh, PA 15209
Tel: (412) 821-5566    Fax: (412) 821-5577
atencinci@verizon.net   www.ceramicrecycling.com

J. H. Mac, Inc.
610 East Butler Rd., Butler, PA 16002
Tel: (724) 285-7222   Fax: (724) 431-0944
Sales@JHMacinc.com            www.JHMacinc.com

REFRACTORY RECYCLING

Unimin Corporation
258 Elm St., New Canaan, CT 06840
Tel: 800-243-9004 Fax: 800-243-9005
metalcaster@unimin.com       www.metalcaster.com

SILICA MATERIALS

Utah Refractories Corp.
P.O. Box 12536, Pittsburgh,  PA  15241
Tel: (412) 851-2430  Fax: (412) 851-2425
tlmpgh@aol.com

SILICA BRICK

Clayburn Refractories Ltd.
33765 Pine St., Abbotsford, BC, CA V2S 5C1
Tel: 604-859-5288 or 604-851-4556
rdlane@clayburngroup.com

REFRACTORY SHOTCRETE INSTALLATIONS

RFI Construction Products
Division of Cangro Industries, Inc.
495 Smith St., Farmingdale, NY  11735-1186
Tel: (631) 752-8899  Fax: (631) 454-9155 
cangrosales@ix.netcom.com    
www.rficonstructionproducts.com/

REFRACTORY MIXERS

Unimin Corporation
258 Elm St., New Canaan, CT 06840
Tel: 800-243-9004 Fax: 800-243-9005
metalcaster@unimin.com      www.metalcaster.com

REFRACTORY RAW MATERIALS

Buyer’s GuideBuyer’s Guide

Electro Abrasives Corp. 
701 Willet Rd., Buffalo, NY 14218 
Tel: (800) 284-4748  Fax: (716) 822-2858
info@electroabrasives.com 

International Minerals, Inc.
PO Box 1322, Coraopolis, PA  15108
Tel: (724) 857-9903 Fax: (724) 857-9917
jk@imi-minerals.com          www.imi-minerals.com

Washington Mills Electro Minerals
PO Box 423, Niagara Falls, NY  14302-0423
Tel: (800) 828-1666 Fax: (716) 278-6650
sales@washingtonmills.com

SILICON CARBIDE

Saint-Gobain Ceramics
1 New Bond St., MS 301-432
Worcester, MA 01615-0136
Tel: (508) 795-2963  Fax: (508) 795-5011
patrick.m.stephan@saint-gobain.com
www.refractories.saint-gobain.com

SILICON CARBIDE REFRACTORY SHAPES

SILICON METAL POWDER 

BassTech International 
300 Grand Ave., Englewood, NJ 07631 
Tel: :201) 569-8686  Fax: (201) 569-7511 
info@basstechintl.com          www.basstechintl.com 

PHOSPHATE BINDERS & DEFLOCCULANTS 

BassTech International 
300 Grand Ave., Englewood, NJ 07631 
Tel: (201) 569-8686  Fax: (201) 569-7511 
info@basstechintl.com          www.basstechintl.com

Refractory Minerals
150 S. Jennersville Rd., West Grove, PA 19390
Tel: 610-869-3031  Fax: 610-869-9805
info@phosphatebonds.com   www.phosphatebonds.com

SODIUM SILICATE POWDERS  

BassTech International 
300 Grand Ave., Englewood, NJ 07631 
Tel: :201) 569-8686  Fax: (201) 569-7511 
info@basstechintl.com          www.basstechintl.com 

SPINEL-SINTERED

Almatis
501 West Park Rd., Leetsdale, PA  15056
Tel: (412) 630-2800  Fax: (412) 630-2810
www.almatis.com
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Refractory Specialties, Inc.
230 W. California Ave., Sebring, OH 44672
Tel: (330) 938-2101  Fax: (330) 938-2574
sales@rsifibre.com                     www.rsifibre.com

ZIRCAR Ceramics, Inc.
100 North Main St., P.O. Box 519
Florida, NY 10921
Tel: (845) 651-6600  Fax: (845) 651-0441
dph@zircarceramics.com  www.zircarceramics.com

VACUUM FORM SHAPES

AluChem, Inc.
One Landy Lane. Cincinnati, OH 45215
Tel: (513) 733-8519  Fax: (513) 733-0608
pormond@aluchem.com 

ZIRCON SAND & FLOUR

Washington Mills Electro Minerals
PO Box 423, Niagara Falls, NY  14302-0423
Tel: (800) 828-1666 Fax: (716) 278-6650
sales@washingtonmills.com

ZIRCONIA 

AluChem, Inc.
One Landy Lane. Cincinnati, OH 45215
Tel: (513) 733-8519  Fax: (513) 733-0608
pormond@aluchem.com 

TOLL PROCESSING

AluChem, Inc.
One Landy Lane. Cincinnati, OH 45215
Tel: (513) 733-8519  Fax: (513) 733-0608
pormond@aluchem.com 

Christy Minerals
833 Booneslick, High Hill, MO  63350
Tel: (636) 585-2214  Fax: (636) 585-2220
info@christyco.com                 www.christyco.com

TOLL CRUSHING & GRINDING

Buyer’s GuideBuyer’s Guide
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