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Abstract

This paper presents the change in development trends of refractories in Japan in the past half
century. The development trend is roughly divided into three period. The 1st period was “quality
improvement”, while the 2nd period was characterized by “change in quality” to cope with the
change in the steelmaking process. In the 3rd stage, some new characteristics were added to
products in order to differentiate them from imported refractories. And, the keyword for refractory
development has shifted from “unit consumption” to “environment”. Currently, labor productivity,
raw material risks, and production energy for raw materials are pointed out as challenges faced by

the Japanese refractory industry.

1. [RLCBIC

WEAE, B K O M KW H 405 1 2 A3 B i 3 %
ALAFAR 2018128\ C, [ HARDI KXY OB 588
mocoaEgs, BUE, Rk] LELCGEET ARSY
Bizo FOMENEZIRICNELZFHBEL 200
RKEFTH 5o

H AR Ot KW O FE S 1218504E%, HERIZB
VB R O #E I E Tl A, L, B
TEDMHKIFAT D% 1%, #iE D 19504, 604F
AWK DT KA 2 BEAS 2 Z & 65
LTWwb, 20Ok, 19704F 2 5804E 22T T

1. Introduction

Last year, I had an opportunity to deliver the
keynote speech titled “Development Trend of
Refractories in Japan: Past, Today & Future” at
ALAFAR 2018, organized by the Association
of Latin American Fabricators on Refractories.
This report is based on the keynote speech.

In Japan, the history of the refractory
industry goes back to the 1850s, when some
reflection-furnaces were constructed at the
end of the Edo period”. However, most of the
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current refractory technology restarted in the
1950s and 60s after World War II by introduc-
ing advanced technologies in the West. After
that, refractory technology made impressive
progress in the 1970s and 80s. Details of the
progress were shown in the keynote speeches
at the international conference of refractories
held in Japan in the 1980s and 1990s**. It could
be argued that most of the current refractory
products used in the working lining of steel-
making furnaces were developed in this period.
Product improvement is still ongoing at present.
But there are some difference between the
improvement trends from the 1990s*” and the
trends seen before then.

For this reason, the purpose of this paper is
to show the change in the development trends
of Japanese refractory technology in the past
half century and to discuss some of today’s
challenges.

2. Change in Refractory Production and
Unit Consumption

Changes in Japan’s refractory production in
the past half century are shown in Fig. 1. Crude
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Fig. 1 Change in refractory and steel production in Japan.
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Fig. 2 Change in refractory unit consumption for steel in Japan.
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steel production is also shown in the same figure
because about 80 % of the refractories are con-
sumed by the iron-and steelmaking industry.

In the Japanese economic history, the “oil cri-
sis” in 1973 was a very important event. Until
the oil crisis, both the steel and also refractory
industries continued to increase their produc-
tion under the high economic growth. After the
oil crisis, however, production growth stopped.
The steel industry introduced new steelmaking
processes in order to conserve energy, which
resulted in many refractory innovations.

Another important impact on the Japanese
refractory industry was the increase in the
import of low-priced refractories due to the
effect of the global economy. This trend became
clear from the 1990s.

Therefore, the Japanese refractory history is
divided into three periods in this paper ; before
the oil crisis, after the oil crisis, and after the
1990s.

Fig. 2 shows the change in refractory unit
consumption for steel. The unit consumption
can be determined by dividing refractory
sales (weight) for the steel industry by crude
steel production. The unit consumption has
been drastically reduced from the 1970s to the
1980s. However, after the 1990s, when imported
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Fig. 3 Change in number of reports listed
by keyword of “unit consumption” in
TAIKABUTSU CD-ROM.
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Fig. 4 Change in steelmaking process in Japan
during the 1° period.
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refractories increased, the unit consumption,
including the imported ones, did not change

much.
3. Change in Development Trend

3. 1 Keyword searching

The changes in the refractory develop-
ment trends can be known from the change
in the number of articles in the journal of the
Technical Association of Refractories, Japan
(“Taikabutsu”). As the reports in this journal
have been compiled into a CD-ROM, the num-
ber of reports can be counted from the results
of keyword searching on the CD-ROM?.

As an example, Fig. 3 shows the annual fre-
quency distribution of the number of reports
searched with the keyword “unit consumption”.
The number has been decreasing since the
1990s. As indicated earlier, the import of low-
priced refractories has been increasing from
the 1990s. Therefore, these facts suggest that
customers came to emphasize the refractory
unit cost directly rather than unit consump-
tion.

The following discussion will therefore focus
on “What innovation reduced the refractory unit
consumption from the 1960s to the 1980s?” and
“What is the keyword for development from the
1990s?”

3. 2 First period: from the 1960s to the oil
crisis

The first period is from the 1960s to the oil
crisis. This period is referred to as the “high
economic growth” period. Crude steel produc-
tion increased year by year. And the steelmak-
ing process changed from open-hearth furnace
to LD converter (Fig.4). The open-hearth
furnace was constructed with a large amount
of refractory bricks, so it deserves to be called
a ‘refractory castle”. Hence, the change from
open-hearth furnace to LD converter largely
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Fig. 5 Change in number of reports listed by

keyword of “High purity” and “High
temperature firing” in TAIKABUTSU
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Fig. 7 Change in total flux content of dolomite
clinker in Japan.
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Fig. 6 Change in total flux content of sea-water
magnesia clinker in Japan.

contributed to the reduction in refractory unit
consumption”.

On the other hands, results from keyword
searching show that both “high purity” and
“high-temperature firing” were important
refractory improvement approaches from the
late 1960s (Fig. 5). High-purity was particularly
necessary for basic raw materials to improve the
basic bricks for steelmaking. High-temperature
firing was triggered by the invention of direct-
bonded magnesia-chrome brick in Europe and
the United States.

As Japan is poor in natural magnesite
resource, development of sea-water magnesia
was started from the 1950s. Fig. 6 shows the
change in quality of sea-water MgO clinker .
In 1950, the Japanese sea-water MgO was 86 %
grade in purity. However, as a national project,
purity improvement of sea-water magnesia was
vigorously pursued by collaboration among raw
material producers, refractory producers and
customers, and academia. As a result, high-
purity MgO clinker was achieved in the late
1960s.

Similarly, dolomite clinker was also improved
to high purity during this period". Fig. 7 shows
change in the total flux content of dolomite
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Fig.8 Change in production of ingot casting
bricks in Japan.

clinkers. Together with the advance in the
manufacturing method, dolomite bricks was
improved from the stabilized dolomite brick to
tar-bonded dolomite brick to pitch-impregnated
burned dolomite brick, which greatly contrib-
uted to the life extension of the LD converter.
3. 3 Second period : after the oil crisis and
until the 1980s

The second period is after the oil crisis and
until the 1980s. As a measure for the oil crisis, the
steel industry introduced many new production
processes that reduced energy consumption. In
order to cope with these new process change,
new refractory products were developed.

A typical example is cast refractories. In the
past, a large amount of fire-clay bricks were
produced for ingot casting of molten steel. How-
ever, due to the change from ingot casting to
continuous casting, fire-clay bricks have changed
to sliding-gate plate or CIP-molded nozzles, both
of which are made of Al,O;—-C materials. As a
result, production of fire-clay bricks drastically
declined (Fig. 8), resulting in reduction of the

W This is a typical example of

unit consumption
the fact that “change in customer’s production
process has the biggest impact on refractory
innovation”.

In the steelmaking process, there was the
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Fig. 9 Change in number of technical reports on MgO-C bricks in TAIKABUTSU.
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innovation that dolomite brick changed to
MgO-C brick. Fig. 9 shows the change in the
number of technical reports on MgO-C bricks.
It is noteworthy that MgO-C brick was initially
invented for the hot spot area of the electric
arc furnace in the early 1970s. Lining the BOF
with MgO-C brick was an innovation in the
steelmaking history without doubt, but from
the viewpoint of refractory technology, it was
not an invention but application of MgO-C
brick. What was the trigger for the invention
of MgO-C brick? The refractory engineer who
invented MgO-C brick says that “a MgO-C
specimen was added to dolomite bricks by
chance to compare their hydration resistance in
test production.””

MgO-C brick has a complex micro-texture
composed of oxide, carbon and metal additives,
and its improvement is still ongoing. In the begin-
ning, aluminum additive received attention, and
then, various metallic additives including boride,
carbide or nitride, were studied. Improvements
continue to be made in MgO-C brick. Recent
R&D is focusing on finer microstructure such
as nano-technology or whisker formation.

Another important innovation concerning
refractory technology in this period is extended
application of unshaped refractories. The upper
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Fig. 10 Change in the proportion of unshaped refractories and the number of reports concerning
unshaped refractories by keyword searching of TAIKABUTSU CD-ROM.
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castables for steelmaking working
lining.
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graph in Fig. 10 shows the change in the pro-
portion of unshaped refractories in the total
refractory production in Japan. The middle
graph shows the number of reports searched
by the keyword of “application of unshaped”. At
first glance, the proportion of unshaped refrac-
tories seems to be steadily increased from the
1960s. However, the increase in the unshaped
proportion once stopped in the late 1970s. The
Technical Association of Refractories Japan
held a discussion meeting titled “Will Unshaped
Refractories Increase in the Near Future?” in
1982. This is because the quality of the castables
of that time were insufficient for working-lining
use in steelmaking vessels, and mainly used
for the backup lining or heating furnaces. A
breakthrough for such a situation was brought
by invention of low-cement castables.
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Fig. 12 Number of reports on castable materials for steel ladle by keyword searching in TAIKABUTSU
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Fig.11 shows the change in the amount
of water added for casting installation of the
castables except for light-weight castables. The
data was taken from technical reports in the
Journals. Until low-cement castable was devel-
oped, over 10% water addition was required.
As a result, the cast product did not have a
dense texture, so it could not be used for areas
directly exposed to molten steel. Low-cement
castable was first invented in France. Then,
the 2nd generation of low-cement type castable
was developed in Japan, which led to success in
use for the castable lining of steel ladles. The
engineer who developed 2nd generation of low-
cement castable reflected on the discovery at
that time as “The breakthrough was the finding
of suitable combination of ultra-fine powder and
dispersant. This was found by chance during
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trial-and-error.” ™

The material composition of the castables was
also improved. Fig. 12 shows the change in the
number of reports about steel ladle castables
according to materials. At first, high-alumina
castables were examined, and then, MgO-based
castables were focused on. Then, zircon castables
were established for the steel ladle lining. How-
ever, due to the rapid rise in the price of zircon
raw material, zircon castables were replaced
by alumina-spinel castables. After that, in the
1990s, alumina-magnesia castables, which form
spinel during use, have been developed and
come to be widely used.

Fig. 13 shows examples of the changes in the
lives of steel ladles with castable linings®. As
compared with the initial zircon castable, the
life of the ladles more than doubled by applying
alumina-spinel castable, and more than tripled
with alumina-magnesia castable. After that, the
installation method changed from casting to
wet gunning, which is called “shotcreting”. Shot-
creting is advantageous for veneering repair of
ladles, which has increased the life further. But
recently, most customers returned to casting
installation because wet gunning requires the
burdensome cleaning of equipment after instal-
lation.

3. 4 Third period : from the 1990s to
present

The third period is from the 1990s to pres-
ent. As mentioned above, further improvement
of the refractory products developed in the
second period is still continuing today. But
Japanese refractory engineers have come to
add some new characteristics to the refractory
products in order to differentiate the domestic
refractories from low-priced imported products.
Environmental measures, heat-loss reduction,
and quality improvement of customer’s product
are the representative characteristics added
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to enhance the value of domestic refractory
products”.

An example of a value-added product from
the view of environment is “environment-
friendly MgO-C bricks ; ECONOS”". This
MgO-C brick is free from phenolic resin and
characterized by low fume level during heating.
In addition, this brick has a lower thermal-con-
ductivity than conventional MgO-C brick with
the same graphite content, which contributes
reducing molten steel heat-loss.

An example of a value-added product in view
of the customer’s product quality is the annu-

9 This nozzle

lar-step submerged entry nozzle
prevents the molten steel flow from flowing
in a biased condition, resulting in steel quality
improvement. The engineer who invented the
annular-step nozzle reminisced “I wanted to
try something new. Its effect was confirmed by
water modeling only later.” "

Among the above-mentioned new charac-
teristics for the value-added refractory, the
most noticeable one seems to be “environment”.
Fig. 14 shows the number of articles listed with
the keyword “environment”. The number of
articles referring to “environment” has been
increasing from the 1990s. Of course, “environ-
ment” was important even before the 1990s.

In particular, “energy conservation” was the



Shinagawa Technical Report

WHEERT, fEk, 0—%1) =% OB
W~ 77 IREAER S Twizs, M %E
HIZIZEER 67 O aDERT HHERD -
720 I TCHMTIE, @M% rus7) —fbo
FHcED & FUFE M CHEOIR 2 B S 872,
77U LD D v s 7)) IO A EA
THHIEREETLE, MAKDEBEETI L
BREE R 2 AL L oM iR ofl & L T T
Ho7z,

BEA I L A BREETIOICE LTI, BRI
KOV A 7 VHEETH L, IO 4
7 WVIZEEY A1 20 TR & <L 72
(Fig.16) o Fig.17\3%r H AR 31T 5 i H 40t
K OB T DZALTH 5" 20014E TlE A
B KO ) BIKWIZ) A 7V ENDL DI
11%128 &4, 40% (3D T ST Wz,

Number of report

20~

| Keyvi/ord “Recxjcle" |

1 e sl

1960 1970 1980 1990 2000 2010
Year

Fig. 16 Change in number of reports listed by
keyword of “Recycle” in TAIKABUTSU

CR-ROM.

Landfill

Slag

conditioners
Road | .:-
bed |.-.-

4 Recycle to
refractory

Year

Fig. 17 Proportion of usage of used refractories
in Nippon Steel Corp."”

Vol. 62 2019

keyword generated by the oil crisis. And as
shown in the shaded bar graph, the importance
of the working environment also attracted
attention during 1970s and 1980s. In contrast,
as symbolized by the “Rio Earth Summit 1992,
the earth’s environment has become important
from the 1990s.

Some environmental measures for refractories
were propelled under the initiative of refrac-
tory customer. An example is the change from
magnesia-chrome bricks to chrome-free bricks.
Fig. 15 shows the change in the bricks pur-
chased for the rotary kilns in Taiheiyo Cement
Corporation”. Previously, magnesia-chrome
bricks were used for the burning zone of the
kilns, but there was a problem : toxic hexavalent
chromium was generated in the used bricks.
For this reason, a shift to non-chrome materials
was realized in several years under a company-
wide policy. The non-chrome bricks are more
expensive than the magnesia-chrome bricks.
Therefore, this was an epoch-making material
change in which environmental measures were
given priority over refractory purchasing cost.

Another important example of an envi-
ronmental approach by the customers is the
recycling of used refractories. Recycling of
refractories has shown marked progress in the
past 20 years (Fig. 16). Fig. 17 shows the changes
in the disposal method of used refractories at
Nippon Steel”™. In 2001, only 11% of the used
refractories were recycled into refractories,
while 40 % were disposed of in landfills. However,
after refractory recycling plants were built in
the steelworks, the proportion of recycling into
refractories has increased to 32% and disposal
by landfill has been eliminated.

3. 5 Comparison of development trends
among the three period

A comparison of the refractory development
trends among the three periods is summarized
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Table 1 Change in development trend of refractories in Japan
Period Keyword Trend of Refractory R&D
1°:1960s — 1973 + Unit consumption Quality improvement

» High economic growth
« Before “oil crisis”

(High performance)

» High purity
» High temp. firing
+ High pressure molding

2: 1973 — 1980s
« After “oil crisis”

+ Unit consumption
« Change in steelmaking process
« Energy-conservation

Change of quality

» Carbon-containing bricks
» Low-cement castables

+ CIP products

37:1990s — present
+ Collapse of “bubble economy”
» Global economy

+ Unit cost

« Raw mater

* Imported refractories

* Earth’'s environment

ial risk

Value-added product
» Heat-loss reduction
» For clean steel

+ Labor-saving

» Recycle system
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in Table 1. In the early 1950s, which is before
the three periods defined in this paper, the sum
of fire-clay bricks and silica bricks occupied
about 90 % of the total refractories in Japan. But
as special refractories, various kinds of refracto-
ries had already been developed at this time'.
Hence, looking back at the history of refractory
improvement, it seems that the approach in the
Ist period was “quality improvement”, while
the 2nd period was characterized by “change
in quality” to cope with the change in the
steelmaking process. And in the 3rd stage,
value-added products with new characteristics
were focused on in order to differentiate them
from imported refractories. And, the keyword
for refractory development has changed from
“unit consumption” to “environment”.

4. Innovation in Refractories

It is easily comprehensible to summarize the
refractory history along with the change in the
steelmaking process. Also, as is well known,
the change in the customer’s process has the
biggest impact on refractory technology. There-
fore, historical review of refractory innovation
gives the impression that the innovation was
brought by market demand (the needs-oriented
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innovation).

However, when we explore the innovation in
depth, the new refractory technology, which
enabled the innovation, has often been invented
by chance before the market demand. It is
common to refractory innovation overseas that
it was often invented by accidental findings®.
That is to say, most of refractory innovation
seems to be germinated by linkage between
customer’s needs and manufacture’s technology
seeds. Also, recent studies on product innova-
tion focus on the seeds- and needs-cooperation
theory rather than the seeds-oriented (product-
out) theory or the needs-oriented (market-in)
theory?.

Therefore, it is a historical lesson that refrac-
tory engineers should try something new at all
times instead of merely coping with customer’s
needs.

Innovation is not just about technology.
Although the refractory development trend
has changed depending on Japanese economic
environment and societal demand, there is a
common ground that has strongly supported
refractory development. That common ground is
the TAR]J (Technical Association of Refractories,
Japan) established in 1948. The TAR]J has been
promoting the collaboration among customers,
manufactures and academia, which is a unique
characteristic in the Japanese refractory indus-
try®. TAR] is a social innovation that strongly
supports the growth of the Japanese refractory
industry.

H. Current Problem

Labor productivity, raw material risks (rising
prices derived from environmental regulations
or resource depletion), and production energy
for raw materials are pointed out as current
challenges faced by the Japanese refractory
industry.
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Fig. 18 Change in refractory labor productivity
in Japan.

—8— Chinese bauxite -A-Magnesia clinker —o— Zirconia

2008 2017 Environmental
regulation.in.China

2.5 —Beijing Olympics

2.0

1.5

1.06

Price (Index number)

0.5

00 L 1 1 1 1 1 1 1 1 1 ]
2007 2009 2011 2013 2015 2017

Year

Source : Trade Statistics of Japan

Fig. 19 Change in price of imported raw materials.
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Fig. 18 shows the labor productivity (ton/
person-year) of refractory manufacturing in
Japan. According to the statistics from The
Japan Refractories Association, the labor pro-
ductivity had been increasing from the 1980’s.
The increase in the productivity depended
largely on the increased proportion of unshaped
refractories shown by the line graph. That is,
application of the unshaped refractory was an
important innovation that achieved reduction in
labor not only in installation but also in manu-
facturing. But recently, both the proportion
of unshaped products and labor productivity
are not making any progress. Now, in Japan,
“productivity improvement” is a national issue
due to workforce shortage caused by declining
birthrate. Therefore, innovation in the refrac-
tory manufacturing process is required.

Fig. 19 shows the change in purchase price
of imported raw materials basing on Trade
Statistics of Japan. The price of Chinese raw
materials rapidly increased in 2008 due to the
environmental regulations accompanying the
Beijing Olympics. And from last year, the price
of Chinese magnesia has been increased due to
environmental regulations. Of course, not only
the Japanese refractory industry, but all of the
global refractory industries are facing these
challenges now.

The rising price of raw materials is a risk for
refractory manufactures, but it may become an
opportunity for change of refractory materials
or progress in the recycling system. Japanese
refractory industry experienced the raw mate-
rial risk in the past. In previous times, “silliman-
ite” was widely used as a good raw material for
high-alumina bricks. However, due to depletion
of sillimanite resources, use of “andalusite” and
development of synthetic mullite was started®.
And in the 1980’s, due to rising of zircon price,
zircon castable changed to alumina-spinel



Shinagawa Technical Report

WZPFT, TN A EAOEBRIZNA, Gk

AT A NEROBRSEIZEDN 5727, F 7219804F18
12, YvarofiitgEg e s, Yva sy

XY AT TUMLLETNVIF - AR NVEFXF YA Y
TIVANDOEHEPHEATZY

AR KRR O By 4 )L F — % Fig.2012
TP RIRFERR AL R XT, SICRE
AUEEHI 2 OB ICE L Tl IS EDO T AL
F—%MHET 5. HAROM KW TBERIHEL A 5 AR
BERURILA, & S IAISAETZM K~ & A HE A
m%%ﬁ*h@CQWﬁgiﬁéttoL#L
71— R ¥ B ABERUR LR A MKW Tl A
VE—HERMFERSSEICFHIN TS, T4
bH, MK ORETRIIE T AT R 5 728
Z DT K ER OB I T A F—HEI & 72 o
720 BUEDWHKWEEE b — %L - TRV F—7
BEOHEPORBEINLEREEEDNS,

FLIANF—HEOHENL AL L, %
it KNI ZEO T AN F -2 HE L CTHEONE
ELREWRTHbDH, BEEOMELZIT TR, A4
VE OB, FZENICHTETAEFEE V)
Hrsd, HRARBEKWO) A 7 VizsEkET
FTHEEIIR D,

Production Energy of Raw Materials
(108 kcal/ton)
0 10 20 30 40
Silicon Carbide (SiC)
Fused Magnesia (MgO)

Fused Alumina (Al203)

Synthetic
(Electric-melting,
Electro-synthesis)

Sea-water Magnesia (MgO) :I Synthetic

Sintered
Sintered Alumina (Al203) ( )

Fired Bauxite (High-Al20) []

Natural Raw

Magnesite Clinker (MgQ) Materials (Burned)

Chamotte (A1203-Si02) []

Fig. 20 Production energy for raw materials.
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castables®”
Fig. 20 shows the production energy required

25)

for refractory raw materials®. Compared with
natural raw materials or sintered clinkers,
silicon carbide and fused minerals consume
far more energy for their production. As men-
tioned, the Japanese refractory industry had
shifted from burned bricks to carbon-contain-
ing unburned bricks, and shifted from shaped
bricks to unshaped refractories. As a result,
carbon dioxide emissions from the refractory
manufacturing process were reduced to a
significantly low level. However, both unburned
bricks and unshaped refractories contain large
amounts of energy-intensive raw materials.
That is to say, the manufacturing process of
refractories has become energy-conserving, but
the manufacturing process of their raw materi-
als has become energy-intensive. The current
refractory materials should be reviewed from
the perspective of total energy consumption.

In view of energy consumption, used refracto-
ries can be seen as a precious resource obtained
by consuming a lot of energy. Therefore, the
recycling of the used refractories will become
increasingly important from not only the per-
spective of waste, but also the perspective of
energy conservation and also from the perspec-
tive of a domestic resource.

6. Conclusion

The development trend of the refractory
industry in Japan was roughly divided into
three period. The 1Ist period was “quality
improvement”, while the 2nd period was char-
acterized by “change in quality” to cope with
the change in the steelmaking process. In the
3rd stage, some new characteristics were added
to products in order to differentiate them from
imported refractories. And, the keyword for

refractory development has shifted from “unit
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