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Abstract

The use of niobium in cast iron is a reatively new technology at least compared to the use of
niobium in seds.  The previous Internationd Symposum on Niobium in 1981 did not cover
this topic a dl. Recently though some important gpplications for the use of niobium in various
cast irons have been developed and some of these will be discussed in this paper. The use of
niobium in some different rolling mill roll materids will be described in detal dnce this has
proved to be a very successful gpplication. The method of producing Indefinite Chill rolls
containing niobium is patented by Akers Sweden AB on aworldwide basis.



Introduction

The use of niobium in dseds has a long tradition but is in most cases redricted to micro-
dloying (<0.1 %). When it comes to cast irons, as will be discussed later, the use of niobium is
better described as macro-dloying (up to severa percent).

The use of niobium in cast irons is gill a reatively new technology as was dready mentioned.
A sach made on the METADEX sysem gave for the search profile “Niobium and
Cast(w)lron” less than 100 hits, and most of them were not relevant.

Some of the mogt ggnificant applications so far have been for the automotive industry such as
cylinder heads, piston rings and truck brakes (1).

The ability for niobium (as for most dements in the groups 4 and 6) to form a hard, discrete
and gable carbide (NbC) is very important for many wear resstant gpplications. In many of
these gpplications some sort of cast iron, white, grey, nodular or maleable is used.

The am of this paper is not to try to give a complete review of the use of niobium in al
different cast irons. The man focus will be on some wear resstant gpplications such as rolls
for hot rolling of sed and nonferous dloys where the use of niobium has been very
successul.

General Featureswhen Niobium isAdded to Cast Iron

Some early works (2-6) describe various aspects of smdl additions of niobium (<0.5%) to cast
irons. These have found minor changes to the audenite dtability, micro-hardness, refining of
graphite dructure, very smal precipitations of Nb(CN) and so on. Some of these
invedtigations were misinterpreted or misunderstood possbly due to lack of advanced
meeslring techniques such as  high-resolution microscopes as wdl as an  incomplete
understanding of the basic thermodynamics. As an example of this in a recent invedigation (7)
the influence on mechanica properties of niobium additions to a grey iron met was sudied.
The result was interpreted as follows “The effect of niobium on mechanica properties and
grengthening mechanism of grey cast iron were sudied. The experimenta result shows that
niobium obvioudy improves the mechanicad properties of grey cast iron.” In Table | and in
figures 1-2 the numericd results are shown.

Table | Chemicd compostion and mechanical properties of Nb cast iron
* CE=C%+1/3(Si+P)%)

Mt . Alloy content % CE* % S Mechanica properties2
C|S |Mn| P S Nb Sp(MPa) |[HB| Ay/(Icm©)

1 |343(213]0.89|0.09/0.045] O 4.17 0.96 203.4 199 38

2 |347]210|1.06(0.12|0.037 | 0.077| 4.22 0.98 220.4 204

3 |354(205]|0.79]10.12|{0.041| 0.26 | 4.26 0.99 230.6 |207 4.1

4 |350({215{0.91{0.11]0.043| 0.37 | 4.25 0.99 251.3 |226 4.2

5 [344]1255/098|0.10|0.044| 058 | 4.32 1.00 2545 1234 4.0

6 |3.40(250/0.9410.09(/0.044| 0.77 | 4.26 0.99 267.4 (227 4.1

7 |340]253]098|0.09|/0.039| 0.87 | 4.27 0.99 260.8 228 4.0
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Figure 1: Tensle srength (MPa) as afunction of niobium content.
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Figure 2: Hardness (HB) as afunction of niobium content.
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If on the other hand the hardness values are plotted as a function of the tensle strength values
amog adraight lineis achieved, seefigure 3.
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Figure 3: Hardness versus tensile strength



This might suggest that in order to study one parameter dl other parameters have to be
congant. If for example the hardness increase discovered in this sudy could be explained by
the fact that niobium consumes carbon prior to the actud solidification that in turn could lead to
less graphite and maybe some more carbide. The concluson in the investigation is obvioudy
correct but the mechanism is not fully understood or explaned. The same result might have
been obtained if the carbon-content of the base cast iron met was lowered in proportion to the
niobium addition.

The main focus for many of the earlier research investigations gppears to be in parald with the
use of niobium in ded. That is, dudying only smdl additions of niobium and its influence on
audenite sability, grain refinement, mechanica properties and smilar.

Neverthdess, it is impressve to note that a lot of work has been done in the field of cast iron 40
years ago but has not yet been drongly implemented in today’s production of wear resstant
cast irons. To some extent this is probably explaned by the fact that the consumption of
niobium is much higher in the sed sector and this sector has adways been more research
intensve (8-24).

If however a high enough amount of niobium (or a ferro-niobium product) is added to a high
carbon mdt, such as a cast iron, NbC particles will form a reaively high temperatures. These
particles have several properties that are important both for the production and find use of
these dloys.

Some of these important properties of NbC are shown in Table 1.

Table I Some physical properties of NbC (35)

PHYSICAL PROPERTIES |VALUES|  COMMENTS USJrg.i)tt;ler
Density, g/cc 7.6 7.82 g/cm? theoretical 7.6 glcc
Hardness, Rockwell A 0 At room temperature 20
Vickers Microhardness 2400 2400
Crysta Structure Cubic NaCl Structure Cubic
Liquidus, °C 3575 6,467 °F

Thus as can be seenin Table |1, the NbC particles have:
. A dengty very closeto molten Iron
" A very high hardness (aso in hot condition)

Furthermore:

" NbC normaly forms discrete particles that are precipitated in the liquid iron and thus
separated and not incorporated in the eutectic solidification.

. Niobium has avery low solubility in the austenite

" Niobium does not influence or upset the carbide/graphite distribution in Cast Iron to any
ggnificant levd.

All this mentioned above offers an dement which (unlike for example chromium, titanium,
zirconium and tantaun) is very suitable to add amogt as an “inet” dement to cast iron. Most
of the carbides of other dements have some very different properties from niobium such as
dengty, influence on carbide/graphite didtribution, solubility in the austenite,



Niobium in Nodular Cast Irons

As dready mentioned when niobium (or ferro-niobium) is added to a high carbon melt
precipitation of NbC particles takes place a a much higher temperature than the nomina
liquidus temperaiure for the base dloy. This is dmog like a very rapid dissolution of ferro-
niobium and has been described in various apers (25-32). This dissolution process has to be
controlled in order not to cause agglomerations and loss of NbC to the furnace and ladle dag
that reduce the recovery of niobium.

Nodular irons that are used for rolls in hot rolling and in other wear resistant applications are
generdly of a mottled iron type, which means they contain both grgphite and carbide (FesC).
This is to ensure a good enough wear resisance. Normally there are two drategies to improve
wear performance:

1. Increase the overdl hardness by increesng the proportion of cementite ® more crack
sengtive materid!

2. Increase the total amount of carbides® risk to offset the baance graphite/carbide!

Other important properties are low adheson (normaly protected by surface oxidation) and
good thermd crack (shock) resstance. Therma crack resstance (TCR) which is a kind of
thermd fatigue processis a function of several parameters and could be described as.

s *l
TCR» 1)
a*E
where: a =thermd expangon coefficient s =tendledrength
| =thermd conductivity E = Young's Modulus

It is therefore obvious that any chemica changes made to a system dedicated for rolls should
not grealy influence any of the properties mentioned above. An example of a microgtructure in
anodular iron grade used for hot rolling gpplications is shown in figure 4 below.

Figure 4: Nodular iron roll materid with additions of niobium showing smdl
discrete NbC particles homogeneoudy distributed in the structure.



A specid chaging and mdting as wedl as casting procedure is necessary to ensure a good
digribution of NbC particles throughout the structure. This patented technique has been used
by the Akers Group for severa years with good results in the mills  Some production figures
and ddiveries of gatic nodular iron rolls (NICRA = Nodular Iron Carbide Reinforced Akers)
areshownin Table 11 below.

Table 11 NICRA production and deliveries per year

Y ear Cast Delivered Claims
1995 2 0 0
1996 2 2 0
1997 33 22 0
1998 53 49 4
1999 167 93 0
2000 196 237 0
2001 114 82 6
Total 567 485 10

Some peformance results from NICRA rolls are displayed in Table IV below in comparison
with standard nodular iron rolls with the same overdl hardness.

Table IV Examples of performance result for NICRA rollsin various mills
Mill Per for mance increase %
100
40
50
30
20
35
10

®| T m| O] O|wm >

As can be seen the performance increase varies consderably, which is norma for smal section
mills where mill conditions and roll performance records are of various qudities.

Niobium in White Cast Irons

A lot of gudies have been undetaken in the fidd of white cast irons with niocbium (33-45)
especidly concerning the wear properties e.g. Loper at al. (32) Peev et al. (43) and others.

Some results may be summarised as follows:

" increasing niobium content gives better wear resstance but some investigations show a
minimum in wear performance in some cases without giving an adequate explanation.

" solubility of NbC in the matrix isvery low

" if not highly dloyed with other dements niobium can help to increase the matrix

properties.

Og et al. (37) and Matsubara et a (38) have published some excdlent papers describing the
solidification patterns in Fe-C-Cr-Nb multi-component systems. These papers among other



things describe some interesting drategies relaed to inoculation with titenium in order to
control the NbC morphology.

In one paper (33) the use of nichium as a subgtitute for molybdenum in white cagt iron dloys is
evduated. The andyds is paformed in tems of dructurd and mechanica behaviour,
compared with some commercid cast grinding bodies. Thus, 10%, 15% and 20% chromium
dloys were sand-cast and both dructurdly (component identification, didribution and
morphology) and mechanicdly (micro-hardness, hardness and abrason  resstance)
characterised. It was found that there are significant modifications in the microstructure of the
dloyswith the use of niobium and boron-niobium.

One of the most important results shows that a 0.5% addition of nicbium instead of a 1.5%
addition of molybdenum gives rise to Smilar wear resstance, indicating thet this subdtitution is
technicdly vigble,

At Akers we have for many years used nichium among other eements as an additional carbide-
forming dement in our high chromium iron roll materid (CICRA Chromium Iron Carbide
Reinforced Akers). This gives an additiond amount of carbides, which corresponds to the
actud amount of nichium addition. That is to say if 4% niobium is added the totd carbide
(M;C3 + MC) isincreased by about 4%. These kinds of rolls are normally produced by spin
cadting (centrifugal casting) techniques and therefore the dendity of early precipitatesis criticd.

Problems Specific to Centrifugal Casting

In the centrifugd cadting process one of the limiting factors is the influence of a high
centrifugal force severdy redraining the sdection of dloying dements.  The dendty difference
between the liquid and the precipitate particle leads to a movement of the particle outward (if
denser than the liquid). The speed of this movement (V) can be very high.

According to Stokes' law:
_2gr?Dr

V= @
Where r = particle radius
Dr = dengty differences between particle and surrounding media

h = dynamic viscosty

In spin cadting the norma centrifugd force is about 150g. Equation (2) thus suggedts that any
movement of a particle would be 150 times fagter than separation under gravity in a datic
syssem. Thus dgpending on the actud densty of the precipitate this movement will be ether to
the outer portion or the inner portion of the shel maerid during centrifuga cesing.  This
process is known as macro segregation or sedimentation and is in most cases related to dendty
dfferences. A schemdic view of this is shown in figure 5 showing the dendritic solidification
pattern in combination with some precipitated cubic particles.



Figure 5. Schematic illustration of the solidification in aspin cagting mould.

Strateqy to Counteract Problems Related to Centrifugal Casting

The problem described in the above relaed to centrifugd casting and precipitation of solid
paticles in a liquid, with a different densty, could be lessened by the following proposed
drategies.

1. Changethe densty of the liquid towards that of the particle by dloying.

2. Change the densty of the particle by dloying with other carbide formers to form mixed
carbide.

3. Control the precipitation temperaures of the paticles by dloy desgn to minimise

segregation (time for separation).

Initially we have chosen at Akers to use the strategy No. 3 that is to control the temperature at
which the particles precipitate and consequently avoid as much as possble any macro
segregation.  This could mean that particles having a dendty close to the melt itsdf are dlowed
to form a rdatively high temperaiures while particles that are much heavier or lighter than the
mdt have to be formed at much lower temperatures. Thus, there has to be a baance between
formation temperatures and densties of the individual compounds.

Production and Ddiveries for CICRA Radlls

The production and ddlivery figures including clams can be seen intable V' below.

Table V Production and ddliveries of CICRA rolls

Y ear Cast Delivered Claims
1998 4 4 0
1999 16 8 0
2000 25 32 0
2001 42 26 1
Tota 87 70 1

A more detailed description of the various deliveriesis shown in Table VI.

Performance results vary from 10-30% increase in wear resstance measured as tomesmm
(tons of rolled product per consumed mm of roll materid) depending on mill conditions.



Table VI Ddiveries of CICRA ralls

Customer No. of rolls Dimension (mm)
CSsC 14 775x1730
DLL 2 714x1880

Hoogovens 14 759x2235

Llanwern 6 750x2027

Port Talbot 2 714x2537

Sahaviriya 4 705x1725

Sdmar 14 746x2040

Sdmar 10 746x2536

Yieh Loong 4 730x2030
Total no. of rolls 70

Niobium in Mottled Cast Irons

A grey iron containing high enough niobium-content should be regarded as a Mottled Iron. A
mottled iron is an iron containing both carbides and grgphite.  Normaly of course and aso
when this definition was originated the carbide phase referred to was FesC or cementite. In the
cax of rolling mill materid the genuine mottled materid is IC which gands for Indefinite
Chill.  The name originates from the fact that this materid does not have a defined “chill depth”
when submitted to a chill test. This materid is an dloyed grey iron with the following nomind
andysis, seetable VII.

Table VIl Nomind anaysis of IC roll materid
%C %S %Mn % Cr % Ni
35 0.8 0.8 2.0 4.5

The enhanced productivity of many modern mills and increased qudlity requirements on rolled
product has resulted in an increased demand on the roll materials. The introduction of High
Speed Steel (HSS) ralls in the early stands of the Hot Strip Mill gave an important performance
increase which gave rise to aneed for an improvement of 1C roll used in the later stands.

In the early 90's the development of carbide reinforced IC materiad Started within the AKERS
group (46-47). The purpose was to develop a more wear resstant IC materid by adding
carbide formers without losng the favourable properties of the IC materid. This development
is now protected by a world wide patent gpplication. The brand name for this development is
MICRA (Modified Indefinite Chill Roll Akers).

The next section will summarise the development of carbide reinforced rolls within the AKERS
group and give examples of increased performance in different mills.



Niobium Carbide Reinforced 1C Roll MICRA Made by Akers

Introduction

The target of this development was to improve primarily the wear resstance of the IC maerid
in order to better meet the performance of the HSS rolls that are dowly replacing the Cr ralls in
the earlier ands. This should be done without upsetting the balance of carbide/graphite or to
any mgor extent change the matrix composition of the base dloy.

Aim- Application

The firgt target for the project was the Hot Strip Mill but later development work and field trids
showed that there was dso potentid for other gpplications. This is discussed in other section of
this paper.

Aim - Usability and Safety

The am was to develop a rall that in contrast to the HSS roll was easier to use for the mill and
with no additiond risks involved.

Aim— Performance

Based on some early results the god for the project was set to an improvement of on average
30% measured as tonnesmm.

Background — Metdlurgy

In the 1930s it was discovered that the introduction of findy dispersed grephite into the white
iron substantialy reduced roll breakage despite providing a softer outer shell.

The presence of graphite in the working layer gredily improves the &bility of the roll to
withstand the therma shocks associated with hot rolling.  Graphite dso reduces the friction
between the roll and the drip thereby reducing the applied dress on the srip and greatly
reduces the potentia for welding of the strip to the rall.

Condderable efforts have been made world-wide to develop rolls that do not weld to the gtrip
being rolled and having a better abrasion res stance than the indefinite chill rolls,

Increasing the proportion of carbides generaly produces a reduction in the amount of graphite
in the dloy. Numerous attempts have been made to deveop dloys containing combinations of
grong carbide forming eements, such as are used in Tool Sted and High Speed Steds, to
replace the indefinite chill roll compostions. However, these high carbide, low graphite dloy
rolls have dso proven to be unsuiteble for chill roll applications, because of the tendency to
weld to the materid being rolled and to initiate pressure cracks, much like the white cast iron
chill rolls For lack of better dternative, indefinite chill rolls have been retained in the late
finishing dands of many of the modern hot grip mills.  The use of strong carbide forming
dements has been limited to rdaivdy andl additions usudly of molybdenum, to dter the
matrix sructure or extremely smal additions of magnesum to control the form of the graphite.

An essentid feeture of the indefinite chill rolls is the badance between the dloying dements
such as carbon, nitrogen and dglicon which promote the formation of grephite and carbide
forming eements such as chromium.



The formation of an dloy containing the proper baance of grephite and carbides requires
extremdy careful sdection of mdting stock, closdly controlled mdting conditions, rigid control
of compostion and inoculation techniques to obtain the required type and didribution of
graphite.  This rdationship has inhibited the use of stronger carbide forming dements, which
greatly skew the graphite/carbide balance in favour of carbide formation. Thus, for over four
decades the use of strong carbide forming eements has been inhibited by the overwheming
need to maintain free graphite in the chilled sructure of this type of roll.

Another important characteridic is the solubility of various carbide forming dements in the
audenite.  Some of the carbide forming eements do have a high solubility and thus influence
the properties of the matrix.

A vey usgful tool for dloy desgn is Themo-Cdca which is a computer program for
thermodynamic cdculations. By means of this program “phase diagrams’ can be caculated

and liquidus and solidus temperatures can be evauated. Figure 6 shows an example for a
caculation of an IC chill base dloy with addition of dement X.

THERMO-CALC (99.02.24:11.57) :
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Figure 6: Phase diagram calculated with Thermo-Caca .

As can be seen in the figure the actud liquidus temperature can be postulated for dement X as
a function of the C-content that is much higher than for the “actud” base dloy. By combining
catan dloying dements it is possble to study the formation of complex carbides and ther
precipitation temperatures.

Microstructures

Examples of the microgtructure of carbide reinforced IC chill maerids are shown in figure 7.
The dructures condsts of the normad congituents graphite, cementite and a martendtic/banitic
matrix plus additiona carbides. The two figures beow show two different “grades’ of
MICRA.



The morphology of the graphite has been changed in MICRA compared with norma IC
materid. It is a more nodular type of grephite. In figure 8 the differences in graphite
morphology are shown. This combination of specific carbide formers and a change in graphite
dructure leads to less wear, without changing either the mechanica properties or the fire crack
resistance.

Figure 7: Some example of microstructure of carbide reinforced IC materid.



MICRA

NORMAL

Figure 8.The graphite morphology of carbide reinforced and normal 1C meaterid.

Production and Ddliveries of MICRA (Maodified IC Roll Akers)

The production of these rolls has required changes and adjustments of the manufacturing steps.
Some examples are:



1. Charging and mdting procedure for complete dissolution of carbide-forming additions and
to avoid clugtering of early precipitates dready in the furnace.

2. Sagremovd procedure to avoid contamination of early precipitates.

3. Cadgting procedure to avoid clogging of casing nozzles and uneven didributions of
precipitates due to uneven metd flow patterns.

4. Hesat treetment sequences in order to facilitate the machining.

5. Machining procedures for optimum cutting performance.

Since 1995 more than 1900 rolls and the figures from the Akers factory in Sweden are shown in
Table X.

Table X Ddiveries of MICRA rolls

Year Cast Delivered Claims
1995 16 4 0
1996 kY] 33 0
1997 82 63 7
1998 147 119 4
1999 333 296 11
2000 397 388 8
2001 334 287 9
Total 1343 1195 39

Performance on Conventiond and Steckd Mill

During the course of this development we have supplied as dready shown dmost 1900 rolls to
vaious mills induding Steckd Mill work rolls.  Some of the results from these trids are shown

Table XI.

Table X1 Results with MICRA rallsin conventiond HSM & Steckd Mill

Conv. HSM & Performance | Conv. HSM & Performance
Steckel mill increase (%) Steckel mill increase (%)
A 22 E 42
B 30 F 35
C 35 G 25
D 55 H 37

As shown in Table XI the results in genera are quite good and in some cases the improvement
is over 50%. The mog attractive factor with this new roll grade is that it does not need any
gpecid operationd conditions in order to perform well. This is in big contrast with the use of
HSS rollsthat do normaly need specia conditions.

The improvement in performance is attributed to the fact that these rolls need less redressing
than conventiona 1C rolls. In some cases there were some initid problems related to the fact
that some mills use a standard redressing and this procedure had to be changed. Another
characteristic reported from various mills is the opinion that the MICRA rolls seem to be less
sendtive to damages in reaion to mill gals and smilar incidents.

In contrast to conventiona mills the benefit of usng MICRA in Steckd mills is the posshbility
of prolonging the length of the campaigns. The wear resstance of the MICRA rolls seems for



some reason to be extremey good in Steckd mills. An example fom a Stecked mill is shown
in figure 9 in comparison with normd |C from 2 different sources.

tonnes/mm

MICRA (100) A@4) B9
Figure 9: Performance of MICRA rollsin a Steckd mill.

Peformance of MICRA Rdllsin Pae Mills

MICRA rolls used in plate mills show some good results.  The results indicate performance
improvement of at least 20% measured as tonnesmm or as wear kmymm.

SUmmary
MICRA rolls make up 50% of the total production of 1C rolls at Akers Sweden

The ealier Satements regarding improvement in performances and resstance agangt Mill
incidents are il vaid.

Generation 2 MICRA rolls are under development and are being tested in some mills.

Conclusions

The purpose of this paper was to review on the use of niobiumin cast irons. It was impossble
to make a complete coverage of this topic even though the fidd is not as big as for niobium in
sed. Initidly invedigations for the use of niobium in cast irons were focused on dl the
properties (creep, welding, corrosion) in a amilar way to seds. Recent publications seem to be
more industry/application oriented.

The primary use of nicbium is to improve the wear resstance and this has been described in
this paper for a variety of different cast irons. Without doubt this is a big gpplication for the
future.  Mining, off shore, the automotive industry, sted and non-ferrous rolling mills are only
some indugtries that should take more benefit from this research and devel opment.

It is the srong belief of the author that the use of niobiumin cast iron has a massve potentia
for the future. We are 4ill in the very beginning of this devdopment and there is ill a lot of
work to do. The foundry industry and its customers are no exception from other indudtries in
that there is a drong resstance againg new aloys and materids, production methods and



product gpplications. By working together, R&D, production, sdes & marketing should be
able to convince customers that they will benefit strongly from niobium dloyed cast irons of 4l
kinds.
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