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Abstract

Niobium is an dement of high afinity towards cabon and forms a very sable carbide.
Therefore it is wdl suited as a carbide-forming dloying dement in the production of tool steds
and hard meta dloys This paper fird deds with the metdlurgicd fundamentals, such as the
influence of niobium on the solidification behaviour of high speed deds, segregetion of the
MC-cabides during solidification, effect of the solidification rate on the precipitation of mono-
carbides, solubility of niobium in austenite, effect on secondary hardness, M>C decompostion
and methods for the achievement of higher niobium-contents in high-speed stedls. In a second
part selected examples of use are referred to in the categories of high speed stedls, hot working
tool stedls, cold working tool stedls and stedls for plastic moulds. A short summary of niobium
in cemented carbide completes the paper.



I ntroduction

Niobium is an dement in group 5a of the periodic table and, as do the dements vanadium and
tantalum of the same group and the dements of groups 4a and 6a, it forms, together with smdl
atomic eements such as carbon, nitrogen, boron and dlicon, very sable carbides, nitrides,
borides and dlicides, which are classfied as hard metd dloys. The hard metd dloys (and dso
NbC) ae manly medlicdly bonded, have free dectrons with overlgpoping vdence - and
conduction band and are suitable dectrical and therma conductors. Ther high bond energy
results in a high modulus of dadticity and a high mdting point. In generd, they have only few
dip sysems 0 tha didocation movement is difficult; this is why they are hard and brittle.
Tablel presents a survey of the carbides, nitrides and borides of the trangtion metas,
characterized by the melting point, the eectrica resstance and the hardness (1).

Table 1. Some properties of metdlic hard materias (1)

4a 5a 6a 4a 5a 6a 4a 5a 6a
TICO VvC@H CrsC; or TIN VNI CrN [ TiB, VB, CrB;
Fp 3160 2830 18957 Fp 2950 N 2350 Nz 1500 Z Fp 2900 2400 2200
R 68 60 75 R 25 86 640 R 9 3 56
H 3200 2950 2280 H 2450 1520 1090 H 3480 2080 2250
ZICO NbCEH  Mo,C ZrN [ NbN [ MozN [ ZrB, bB, MoB;
Fp 3530 3500 2400 Z Fp 2955 N 2630 Nz 700Z Fp 2990 3000 2100
R 42 35 133 R 21 ~200 R 7 12 30
H 2560 2400 1950 H 1520 1400 630 H 2200 2600 ~ 3000
HIC O TaC[l wcC HfN [ TaN W3N [ HfB, TabB, W3 Bs
Fp 3890 3780 2600 Z Fp 3330 N 2930 Nz 700Z Fp 3250 3150 ~2300
R 37 25 22 R 33 128 R 158 21 21
H 2700 1790 2080 H 1640 1060 H 2900 2200 2700
[ = face centered cubic R = spec. electr. resistance micro-ohm xcm
O = hexagonal close packed H = hardness (microhardness dN/mm?)
or = orthorhombic z = decomposition
Fp = melting point °C N = with nitrogen overpressure

It can be seen that NbC has a comparatively high mdting point and high hardness. It is
therefore well suited as a carbide-forming dloying dement in the production of tool seds and
hard metd dloys.

Niobium in Tool Steels

The firg niobium-aloyed tool sted produced was available in the US (2). Its compostion in
wt%" was 0.8% C, 4% Cr, 5% V and 1.25% Nb. During the following 25 years severd
investigations were published on the use of niobium as an dloying dement (3- 7), but it was
the discovery of huge pyrochlore deposts in Brazil (8) that resctivaeted the development. The
contributions presented a the International Symposium on Niobium in San Francisco from the
8" to the 11™ of November 1981, offer an excellent summary on the knowledge and the range
of gpplications a that time (9). At this date of deveopment, niobium was manly used
empiricaly, a thorough and complete metdlurgica view, however, could not be achieved until

*) Unless otherwise stated, the composition elements are away's specified in wt%.



the 1980's. That is why this paper firg deds with the metdlurgicd fundamentds followed by
examples of use.

Metallurgical Fundamentals

The Influence of Niobium on the Sdlidification Behaviour of High Speed Steds

A combination of differentid themd andyss (DTA) and directiond solidification was an
important ad in explaning the <olidification behaviour, as wdl as in the devdopment of
niobium dloyed high speed geds (10 - 15). In principle, solidification proceeds in the same
way in dl commercid high speed seds of approx. 0.7 to 1.2 wit% carbon, but a different
transformation temperatures.  As the temperature decreases, three reactions take place (Figure
1):

— @) primary cryddlization of d-ferrite,

— b) peritectic transformation of met and ferrite into audtenite,

— ¢) eutectic formation of M,C and/or MgC and augtenite from the resdud melt.

The formation temperatures of the cryddlizing primay MC-phases in vanadium or niobium
aloyed grades ahead of the formation of M>C and MeC are marked by arrows.

0,95 0,94 0,93 0 0,81 1,03 1,1 0,9
3-5-15 2-915 S2-9-2 S 6-5-2 6-5-1 6-5-1 6-5-0
+0,5Nb +0,5Nb *INb +2Nb +3Nb

1433 °C
1417°C 3 start Of 1423°C

1398 °C

1328°C

peritectic/

1294%C — reaction

Led =y

eutectic
reaction

L=y + M;C(MC)

soLipbus
1B 1A 1 " A 1] lic

Figure 1. Solidification reections in conventiond and niobium-dloyed HSS
grades based on AISI M2 and M7, as determined from DTA measurements at
0.08K/s cooling rate. Arrows mark the onset of eutectic MC formation (11).

The liquidus temperature, T, mainly depends on the carbon content. It decreases with
increesng C-carbon content. Among dl other dements, a higher niobium concentration seems
to have the greastest effect on the decrease of T.. In (16) an empirica formula for the solidus
temperature of high speed seds was suggested. On the bass of own invedigaions, the
coefficients were revised and a coefficient for the influence of niobium was introduced (17).



Ts = 1266 — 110 (pct C) — 3 (pct S) + 4 (pct W) + 2 (pct Mo)
+10 (pct V) + 15 (pct Nb) C

At the onset of MC precipitation, niobium-aloyed dseels differ remarkably compared to
commercid geds.  In the niobium-free seds | and II, vanadium rich MC forms either
eutecticdly or in isolation a approximately the same time as the M,C-eutecticum.  In niobium
dloyed dgeds niobium rich MC generdly cyddlizes a higher temperatures. The
ayddlization of primay MC in titanium and nitrogen containing mets can be initigted a
higher temperatures by heterogeneous nuclegtion (ted IB). At vey high niobium
concentrations (1B and 11C), blocky primary carbides can dso be formed homogeneoudy (10).
After the onsst of primary ferrite crystalization, the precipitation of niobium rich MC proceeds
mostly eutecticaly.

The fact that a niobium content of 2 wt% is dready sufficient to lead to the crydalization
precipitation of NbC from the melt, results in a specid growth of the primary carbide particles,
where they are pushed ahead of the tips of a dendrite front (12). The didtribution curves in
Figure 2 show that dteds with 2 wit% niobium (14, 15) develop consderably larger carbide
Szes, affecting toughness to a high degree.  Experiments have shown furthermore that a rapid
solidification favours finer, eutectic MC-forms (Figure 3a). In dloys containing more than 2
wt% niocbium, primary niobium rich crysds with faceted crysta habit are often encountered.
They are formed, Hill in the mdt, by heterogeneous nuclestion at high temperatures, before the
onset of ferite cryddlization. Sizes of up to 50um (Figure 3b) are not unusud. Ther growth
is barely affected by an increase in the cooling rate.
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Figure 2. Sze didribution of MC FHgure 3 Niobium rich cabides in the

carbide in hardened AISI M2 and <olidification gtructure of niobium analogues of

niobium analogues (14, 15, 28). AlSI M2; (a) eutectic (6-5-0-2 Nb) (b) primary
(6-5-0-3 Nb) (14, 15, 10).

The high afinity of niobium towards carbon is the reason for the formation of coarse primary
niobium carbides a niobium contents of approximatdy 2% and higher. Figure 4 shows a
comparison of the solubility of vanadium cabide and niobium cabide in iron mdts.
Thermodynamic date were used from (18) and extrapolated to 1800K (19, 20). Even if FHgure
4 is conddered only as an gpproximation, the difference in the thermodynamic dability of
niobium carbide is quite obvious compared to vanadium carbide. It is because of the high
thermodynamic dability of niobium carbide that a met can dissolve only comparatively smadl
amounts of carbon and niobium (hatched ared). At natura cooling rates, the precipitation of
niobium rich MC-carbides graight from the melt occurs a niobium contents of approximatdy 2
wt%. Contray to niobium dloyed high speed deds a corresponding primary carbide
precipitation in vanadium aloyed steels occurs at 4 to 5 wt% vanadium.



Experiments have been performed on more highly aloyed highrspeed stedls to evaluate the
formation cryddlization temperatures of primary carbides (21). They showed a very fast
increase with increesing niobium content (Figure 5). These large and blocky NbC-carbides,
which find enough time to grow during solidification, are the resson, together with casting
voids, thet the ultimate bending value dtrength is worse in high speed sted grades with a higher
niobium content, than in commercia grades (22).

] T=1800K . i
0.04 Z L L~
a [V] + [C] <« VCg mg—t—-7t—= i
; 4
2 : 7an g A
K, melt melt « M6C
0.02 TESH i i
T
1500 - ot i
[Nb] + [C] «— NbCs
777 VIITEIIr T s res saaeooes ez, fﬁﬂn 7 . 3 I T LT

1] 0.02 0.04 0.06 0.08 0.1 0.12
ac

Figure 4. Cdculaled solution curves for Fgure 5. Liquidus temperature of niobium

niobium and vanadium carbide in iron mdts dloyed high-speed stedls; (21, 22).
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Numerous experiments have aso been caried out to try to improve the poor solubility of
niobium in the mdt of high soeed seds by varying the contents of dloying dements in order to
provide and so open an “dloying window” that would dlow a way towards a higher niobium
solubility in the mdt; no experiment has yet proved successful (19). Figure 6 (23) shows that
the addition of ferite-gabilizing dements such as duminium and glicon would increese the
gze of the exiging d-iron region and therefore aso increase the solubility of niobium (24).
Thus the idea of looking for an dloying window for the dissolution of higher niobium contents
in a steel melt should not be rgected. With the addition of 1.5% Al and 1% S to an a -typicd
high speed stedd composition (1.4% C, 3.7% Cr, 2% Mo, 4% W, 1.1% V), niobium contents of
more than 4% can be redlised using ingot metalurgy without the formation of blocky-NbC (25)
(see ds0 gpplication examples of high speed stedls).

There are vaying datements in the literature as to the effect of primary niobium rich MC-
carbides on the further solidification process (21, 26). In (19, 20) a nucleation effect of the
exiging MC-carbides for ferrite is stated for only for very high cooling rates.

The morphology of primary niobium-rich carbides depends primarily on the niobium activity
(14, 15). As the niobium ectivity in the melt decreases, a trangtion takes place from a smooth,
octahedra shape to a dendritic form.  Eventudly, primary cryddlization is incressngly
replaced by the formation of a eutectic (Figure 7). The chemicd compostion of the carbide
changes with decreasing formation temperature; vanadium is incorporated into the carbide as
up to 25at% of the metal atoms, and thus more molybdenum is aso incorporated.

Because of its high carbon afinity, niobium can better react with carbon than can vanadium.
Niobium rich mono-carbides are purer and more stable than vanadium-rich MC (27 - 30). Asa
result, the mgor content of carbon is used by niobium for MC-formation, thus eutectic MgC
appears besde MC in the as-cast dructure ingtead of eutectic M,C. Therefore, in order to



redise the formation of eutectic M,C, the carbon-content must be incressed when adding
niobium. As MC-formaion results in a higher carbon consumption, the quantity of these
eutectic carbides formed is reduced. Figure 8 shows the considerable increase in MC-content
with incressng niobium -content in the as-quenched state of these stedds.  The amount of MsC
decreases at the same time (14, 15).
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Figure 6. Liquidus surface of the pseudo Fi“gure 7. Morphology of NbC-type
ternary Fe-5Cr-Nb-C (23). monocarbide as a function of niobium
activity in the mdt (schematic) (14, 15).

The ledeburitic, as-cagt microgtructure of the sted Ila in Figure 1 shows MxC-, MgC- and MC-
carbides (corresponding to its compostion and cooling conditions). Note the rdaivey high
formation temperature of the niobium rich MC-eutecticum. It dways appears patidly
separated from the M,C and/or MC eutectic regionsin the as-cast structure (12).

The two primary eutectic MC-carbides show two compostions clearly diverging from each
other: one vanadium rich compogtion high in molybdenum and low in niobium and a niobium
rich compogtion where the increesing vanadium incorporation is accompanied by a higher
molybdenum content. In this context it should be noted that a miscibility ggp exids in the
binary VC—NbC-system at 1470°C (31).

X-ray diffraction investigations (32, 33) on specimens of the same nicbium dloyed high speed
sed mets prove that the NbC-lattice parameter drops from 4.43 to 4.36A when vanadium is
incorporated, due to the smadler atomic radius of vanadium than niobium (3.03 compared to
3.3R). Correspondingly, the VC-latice parameter incresses from 4.17 to 4.26A with the
incorporation of niobium.

Extensve carbide andyses (17) of different niobium dloyed and niobium free high speed steds

revealed that MsC does not incorporate any niobium and that in MpC only minor (if any a dl)
niobium content can be detected.

Segregation of MC-Carbides During Solidification

Smilar to the vanadium carbide, the niobium carbide shows a tendency towards segregation in
the mdt (19, 20) due to differences in densty. Depending on the compogtion of the mdt, the
MC-carbides may ether sink, float or form a homogeneous digribution. A densty comparison



of the pure carbides, the mixed carbides and the sed mdt illustrates the possbility of
segregation due to gravity (Table 11). Alloying dements such as tungsten, molybdenum and
niobium increase the dengty of the mdt, while vanadium and carbon reduce it. Vanadium, in
paticular, has the strongest effect on the segregation of MC-carbides. At 1500°C a full
miscibility exigs in the binay sysem NbC-VC (34) and the dloying dement vanadium is
incorporated into the niobium carbide, depending on the vanadium content of the mdt. This
has aso been confirmed experimentdly (19, 20). Neglecting the low iron content of the MC-
cabides and assuming a linear corrdaion of the dendty of the mixed carbides with the
vanadium and/or niobium content, their density develops asillustrated in Figure 9.

Table |1 Dengty of carbides and pureiron at different temperatures (35, 41, 42)

NbC VC MC MC Fe Fe
Nb-rich V-rich T=25°C T =1500°C
Density [g/cnT] 7.79 5.7 759 6.78 7.87 7.02

In addition, Figure 9 shows the dengty of dloyed mdts at 1500°C in corrdation with the dloy
content (35). Furthermore, the compostion of the monocarbides in various experimental melts,
and their dengty, are also recorded. For an dloy with Fe-4% Nb-1.2% C (specimen 11/2),
where monocarbides rich in niobium are formed, a decrease in niobium carbides can be
expected. This has dso been confirmed experimentdly (19). MC-carbides were found to float,
epecidly in sysdems with a higher vanadium content since vanadium rich MC with a low
densty is formed in this case.  Within the dloying sysem Fe-4%Nb-1.2%C-12%\W, however, a
homogeneous didribution of primary niobium carbides occurs.  Due to the high tungsten
content, the dendty of the met increases sufficiently so as to sop a further snking of the
carbides. Attention has to be paid to a segregation by gravity when the aloy content of high
peed deds is increased to such a degree that, during cooling, carbides precipitate straight from
the mdt. To date, little importance has been attached to gravity segregation because of the
minor dengity differences between the melt and the niobium rich MC-carbide.
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Technicdly advantage can be taken of gravity segregetion to establish mono-carbide structures
for increased wear resstance in castings (36).

Effect of Solidification Rate on the Precipitation of Monocarbides

Thorough invedtigetions have been made on the effect of cooling rae on primary niobium
carbide szes during solidification (21). Low cooling rates were achieved by ingot casting, high
and even higher rates by gas and/or water atomization, as well as by solidification of the melt
on a rotating copper disc. Figure 10 illudrates the results, i.e. the connection between cooling
rae and the dze of the primary niobium carbides, edtablished in experiments (20). It dso
shows results achieved with a NbC laser-dloyed high speed sted containing approx. 6.5wt%
niobium, fitting wel with the scatter band. As expected, the dze of the mono-carbides
decreases with increasing cooling rate. It is remarkable that even with very high cooling rates of

T> 10° K/s, primary mono-carbides develop during cooling. The scater in the measured
vaues of carbide sze (see Figure 10) results from nuclegtion effects.  The literature deds with
a two-stage nucleation process for MC-carbides (12, 14, 17, 37 — 40). During cooling,
auminium oxide deoxidation products develop in the high speed sed mdt. These deoxidation
products exis in a solid aggregate sate and act as nucle for titanium nitride TiN (and/or (TiV)
(CN). The titanium nitride forms a fine border around the duminium oxides and functions, in
itsturn, as anucleus for the vanadium rich MC-carbides

ALO; ® TIN® MC

Experiments have ds0 reveded that the nucleation of niobium-carbide aso occurs on Al,Os-
particles (21, 40); additiondly a one-stage nucleation process seemsto be possible (21).

The reason for the proper nuclegtion of niobium-carbide on the Al,Os-paticles is the
gopropriate lattice fitting of both phases dong certain lattice planes. Figure 11 (21, 38, 40)
illugrates the good correspondence of niobium atoms in (111) planes of the nicbium carbide
and the oxygen ions in (0001) planes of duminium oxide. If, therefore, the duminium content
of the mdt is reduced, eg. deoxidation is achieved in another way, tertiary duminium
deoxidation products, which are homogeneoudy didtributed in large numbers and act as nucle
for niobium carbides, deveop a a very lae casting stage. If there are just a few adumina
paticles in the mdt, for example primary and secondary deoxidation products, only few, but
coarse, niobium carbide particles develop (upper boundary curve). Many smdl tetiary Al,Os -
particles result in many and fine niobium carbide particles (lower boundary curve) (21).

To prevent the formation of coarse niobium carbides such as are formed at dow cooling rates,
powder metdlurgy is a suiteble aternative process to produce high speed steds with a higher
niobium content.  With this process, high speed stedls with up to approximady 3wt% Nb can
be produced with a satisfying property profile (42, 43).
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Solubility of Niobhium in Austenite

The solubility product of niobium carbide in audtenite is illugrated in Figure 12. Even a high
temperatures it is indgnificant (44). This means, on the other hand, that niobium can scarcely
contribute to the secondary hardness, since there is amost no solubility in the audenite.
(Therefore vanadium as the mogst important dement for secondary hardening cannot be
subdituted by niobium completely.)  This, however, proves that even smdl amounts of
niobium precipitated as niobium-carbide can be used to dow or prevent the gran-growth of
audenite (micro-dloying with niobium).  Niobium carbides are very efficient, as there is no
coasening even a high temperatures (Figure 13) (45). These stable NbC particles thus
effectivdly control the augtenitic gran Sze the higher the volume fraction of the fine particles,
the finer the augtenitic grain size (Figure 14) (46); see dso chapter: Examples of use, especidly
TableV.
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Effect of Niobium on Secondary Hardness

The fact that scarcdy any vanadium can be dissolved in niobium carbide is an advantage, as
only a smal amount of vanadium is incorporated in the (coarse) MC-particles and is therefore
available for secondary hardness.

With nicbium dloyed geds where primay MC is manly formed as niobium carbide, the
vanadium content can thus be reduced (14, 15). In generd, the vanadium content in high speed
deds is 2wt% max. An gpproximate schematic baance (Figure 15) on the basis of chemicd
cabide andyses and on a quantitative estimate of the amount of carbides, shows that in this
cae hdf of the vanadium is required for primary carbide formation and haf of it for secondary
hardening. Even for niobium-aloyed seds, approx. 1.1wt% of vanadium must be available for
secondary hardness.  As a certain amount of vanadium is dso soluble in niobium rich MCs, the
vanadium content should be 1.7wit%.
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containing niobium (14, 15).

Some invedtigations on niocbium aloyed high speed stedls, show a dower decrease in secondary
hardness above the secondary hardness maximum.  This phenomenon seems to indicate an
active role for niobium in secondary hardening (47 - 49). (Recent investigations showed
gmilar results (50 — 52). Fine MyC3 carbide precipitates were found in a tempered high speed
ged containing 11%W, 2%Mo, 2%V and 0.5%Nb and it is assumed that they may dso have
dissolved niobium and titanium.)

In one very complete invedtigation (53), most modern andyticad methods were gpplied (atom
probe fidd ion microscopy and transmisson eectron microscopy) to Sudy secondary
hardening carbides in the AlIS grades M2, M7 and in T1, in the powder metalurgical steds
ASP23, ASP30 and ASP60, as well as in a powder-metdlurgicd sed with the chemicd
composition 2%W, 3%Mo, 1.6%V, 1.6%C and 3.2%Nb. After tempering to pesk hardness, dl
steels showed two types of precipitates. disk-shaped MC of 3 to 5nm in diameter and rod-like
M2C, 5 to 10nm long. The precipitates were of complex compostion and dl carbide-forming
dements (tungsten, molybdenum, vanadium and chromium) were found in both types of
precipitate.  The MC-precipitates were rich in molybdenum, chromium and vanadium, while
M2C-precipitates were rich in molybdenum and chromium. MC-secondary hardening carbides



showed a clear deficit in carbon. At the beginning of MC-formation, the carbon -content was
about 0.75a%, but it decreased to 0.98at% C with increasng tempering time (54). A PM
modd aloy containing 3.2% Nb (corresponding to 1.9a% Nb) showed a matrix with 0.1a%
Nb after hardening and 2at% Nb in MC and 1.2a% Nb in the MpC after tempering. These
thorough invedtigations demondrate that the active effect of niobium on secondary hardness in
high speed stedls can be neglected, but in some cases a dower decrease in secondary hardness
after exceeding the hardness maximum is reported.

M,C Decomposition

The properties of commercialy produced high speed stedls depend on the type, amount and
shape of the non-dissolved aloy carbides MC, MsC and MC, as well as on their spatid- and
sze didribution (14). Solidification via the metastable M,C eutectic offers the advantage of the
decomposition of M,C carbides into MeC carbides and vanadium rich MC-carbides during
subsequent deformation and heat treatment. These MC-carbides dissolve to a large extent
during the hardening process and supply the matrix with vanadium for subsequent secondary
hardening. The carbide didribution in the as-quenched date is thus not only determined by the
microdructure in the as-cast date and the accompanying banded sructure, but adso by the
morphology and the rate of MC decomposition (29, 55).

Investigations on the morphology and kinetics of M>C -decompostion in high speed geds of
grade S3-5-1.5+ 0.5 niobium are reviewed in (56). On applying different cooling rates to a
10kg test ingot, niobium aloyed economy grades showed an area of M,C eutectic sructure
with approx. 60 — 70% of a fine -lamdlar structure, 20 — 30% acicular -fine flaky Sructure and
5 — 10% coarse flaky structure. Studies proved that the decomposition rate decreases from the
fine-laméllar, to the coarse-flaky and acicular/fine-flaky structure.

When hdf of the vanadium content in an M2 sed (HS 6-5-2) was replaced with niobium,
investigations showed that decompostion proceeded much faster in the niobium containing
ged than in the commercid M2 sed. The decomposition products MC and MsC appeared in a
refined structure (29).

Stoichiometricdly, the vanadium monocarbide consumes carbon to a higher extent than that of
niobium. A consderable amount of vanadium is aso dissolved in MpC and in the matrix, while
niobium soldy occurs in MC-carbides. Due to its high affinity towards carbon, this dement
consumes the mgor amount of carbon, thus insufficient eutectic carbides can be formed
subsequently and a transformation from MpC to MsC is the result.  Therefore, in grade S 65-
1+1%Nb (29), the proportion of carbon was increased by 0.25% (to 1.12) This means that dl
three types of carbides are present in the as-cast microgructure of dowly solidified specimens
i.e. MC, M,C and MsC, while only MC and M>C agppear when rapid cooling is gpplied (Figure
16). When the cooling rate was changed within the cooling rate range investigated, the volume
fraction of MC remained congtant, while the volume ratio of M,C to MsC changed in favour of
M2C.

The M>C compogtion in a commercid M2 sted grade scarcely changes with the cooling rate,
however a more obvious modification takes place in niobium dloyed seds.  As an example,
comparatively low percentages of tungsten and molybdenum can be found in the M,C of
niobium dloyed sed undergoing dow cooling, while a more rgpid solidification results in
higher chromium and iron contents.



The varying decompostion behaviour can be explaned by the thermodynamic sability and the
different morphologies of the M,C carbides. It is obvious that the decompostion tendency of
M2C is highest when it isfindy distributed and only short diffusion paths need to be covered.

The peculiar diversty of M>C compogtion in niobium aloyed sted grades and commercid HS
6-5-2 ded is reflected in the thermodynamic gability of the carbides. The enthdpies of
formation of mixed carbides were interpolated from literature data on the enthdpies of
formation of pure carbides, according to their anayses (29). The metastable M»C-phase
contains more tungsten and vanadium and less iron and chromium in nicbium free HS 6-5-2
grades than in niobium dloyed sted grades. Figure 17 illudtrates the DG-vdues versus the
temperature for the single carbides. Hence, the stability of MC in niobium steds would be less
than that in niobium free grades. This is dso in accordance with the results of experiments that
show a faster decomposition of M,C-carbides in niobium dloyed stedls. The niobium addition
has therefore a podtive effect, as a fine-landlar M,C is formed, which undergoes
decomposition much more eedly, and thus provides a supply of vanadium for the formation of
secondary hardening carbides.
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Methods for Achieving aHigher Niobium Content in Hioh Speed Steds

The devdopment of highly dloyed high speed deds is redricted when udng traditiond
melting technology. An increase in the proportion of carbide-forming dements together with a
controlled increase in carbon, results in the formation of coarse eutectic structures that impair
hot working capacity and toughness, or result in a precipitation of coarse carbides straight from
the mdt. This is particulaly the case for the strong carbide formers niobium and vanadium.
By aomizing the mdt, fine solidification dructures can be achieved;, however the addition of
dloying dements is redricted, as they must a leest be dissolved in the mdt a aomizing
temperature. Powder metalurgy offers another possbility to increase the carbide content and
thus close the gagp between high speed steds and hard metas; that is, mixing of matrix and/or
tool sted powders with carbides such as NbC, pressing and sintering.



In order to manufacture tool steds with high niobium content, different production routes were
tried.

Addition of Niobium Carbide Powder to a Matrix Mdt

The matrix of an optimized high speed sed, with high matrix potentid, was used (57) (basic
andyss 2% W, 3% Mo, 4% Cr and 1% V) to incorporate as many fine and homogeneoudy
distributed NbC-carbides as possible. As the production of such an niobium dloyed sted by
ingot metalurgy causes problems regarding the sze of primary NbC, the injection of niobium
carbide powder into the matrix melt usng nitrogen was atempted (58). The temperature of the
matrix melt was maintained between 1550°C and 1650°C. The blowing period was dependent
on the desired niobium carbide content of the steel, which was adjusted to be between 3 and 6.5
% niobium, and was 5 to 20 minutes. In addition to the injection process, trias were carried
out where niobium carbide powder was added to the melt by mechanical dirring, thus obtain a
homogeneous didtribution within the matrix melt.

A rapid dissolution of the NbC-paticles in the matrix met occurs with both methods, with
injection of NbC-powder usng nitrogen, as wel as with dirring of the powder. During
solidification of the mdt, primary and/or eutectic niobium rich dloy carbides of the type MC
are precipitated. In paticular, the primary blocky niobium rich MC-carbides showed a large
gze didribution compared to an HS 6-5-2. The largest carbide cut sections were 100 to
200um? (with 6.5% Nb up to 500um?), compared to maximum sizes of agpproximady 30um?
for the HS 6-5-2. The as-tempered hardness and the cutting performance, however, remained
under the values of a usud HS 6-5-2 sted.  Nevertheless, experiments on a laboratory scae
have proved that, in principle, this is a viable way of producing high speed deds with high
niobium carbide contents.

Atomization of Niobium Alloyed High Speed Sted Mdlts

To avoid a precipitation of blocky niobium carbides a higher niobium contents during the
production of high speed steds by ingot metdlurgy, niobium &aloyed high speed seds were
atomized or teemed off according to different processes. In addition to inert gas atomization
and an atomization according to the PREP-process (plasma rotating electrode process), casting
was adso peformed on rotating copper disks (59, 60). Table Il shows the chemicd
compostion of the expeimentd dloys. At sauffidently high mdting or aomization
temperatures of about 1600°C, niobium contents of more than 3% could be kept in solution
(21). After aomization or mdt spinning on the rotating copper disk, the niobium carbides are
vay fine with szes under 1um. The PREP-process cannot be applied for powder production, as
the coarse NbC-carbides from the dectrode are not dissolved and thus reman in powder

particles.

Table 111 Chemica compaosition of dloysin wt% (60)

Alloy C S Mn Cr W Mo \ Nb
1 129 0.26 0.27 4.26 6.42 4.64 0.98 2.70
2 129 0.32 0.35 450 6.66 4.72 107 168
3 117 0.38 0.36 441 340 491 109 279
4 1.18 0.49 0.58 3.90 2.85 457 1.00 3.15

The matrix concept, (optimized matrix compodtion for the achievement of an appropriate
secondary hardness potentid and a sufficient content of hard carbides to resst abrasve wear),
was redized by producing a stee melt corresponding to the AISI M2 grade, containing 1.3%C,



2%W, 3%Mo, 1.6%V and 3.2wt%Nb, by nitrogen atomization. Consolidation of the powder
was peformed by extruson (61). After the hardening and tempering process, fine MC-
carbides rich in niobium (NbC-carbides), mainly in the range of 0.5 to 1um, could be observed.
Vanadium rich MC were found to a lessr extent. Table IV is a survey of the chemicd
compositions and the lattice parameters of the carbides and the matrix in the as-quenched as
well as in the tempered state. The smultaneous development of vanadium and niocbium rich
MC-carbides had dready been noticed in earlier investigations (62). As in (62) a sysematic
connection between the chromium, molybdenum, tungsten and vanadium contents and the
niobium content in the niobium carbides could aso be found in thisinvestigation (Figure 18).

Table IV. Chemica compostion and lattice parameters of carbides and matrix in

hardened and tempered State (61)
Chemical composition (wt%; & M = 100)

Phase W Mo V Nb Cr Fe L attice parameters (A)
Matrix 1.89 272 118 0.22 40 bal. 2.876 £ 0.003
Niobiumrich MC 37 59 82 784 06 28 4.420+ 0.003
VanadiumrichMC 172 24.3 29.7 215 38 35 4,294 + 0.003
AlSI-M2 matrix 38 35 10 - 43 bal.

AlSI-M7 matrix 10 43 0.9 - 3.6 bal.

The fine digribution of the tiny niobium rich MC carbides contributes to the dabilization of a
consderably finer audtenitic gran compared to the AISI M2 grade produced by ingot
metdlurgy. At 1250°C (Figure 19) the audenitic gran dze is especidly daffected. The
presented investigations, however, were performed a an audtenitizing temperature of 1275°C.
Compared to AISI T1 and AISI M2-grades, very promising results were achieved in cutting
tests.
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Increase of the Niohium Content by a Reduction of the Carbon Content in the Mdt

The niobium content cannot be congderably increased over 3%, not even with atomization of
the mdt, since otherwise the precipitation of large niobium carbide particles would occur ahead
of the atomization a the usud mdting and aomizing temperaiures.  From a technicd point of
view, very high atomizing temperatures cannot be redized: in addition to the high load that the



refractory materid is subjected to, the powders show higher oxygen contents and a larger
number of exogernic inclusions can be found.

Higher niobium contents of more than 3wt% can be taken into solution by reducing the carbon
content (19). Subsequent to or during the atomization, the powder has to be carburized,
however, to guarantee a sufficiently high carbon content in the metdlic matrix. When an ail-
atomization was applied to a low carbon met of 0.8%C, 2%W, 3%Mo, 2%V and 6%NDb,
carburizetion took place during the atomization, but the intended value of gpprox. 1.6wt% C
could not be achieved. A maximum carbon pick-up occurs with powder particles between 100
and 150um in diameter, whereby the carbon content increases up to 1.4wt% C. Another and
much more controllable method of adjusting the carbon content is a later trestment
(carburization or nitriding) of the powder. These experiments have proved that it is possble to
atomize high speed sted mets with reduced carbon contents and niobium contents of 6wt% at
1600°C without large, blocky primary carbides being formed.

Powder Medlurgica Production Routes

Powder metalurgy dso offers the posshility of mixing an iron and/or a sted matrix powder
with larger amounts of hard phases eg. niobium carbide and sintering.  An experiment has been
caried out (63, 64) whereby 10-30 vol% niocbium carbide was added to an iron matrix in
addition to other hard phases. The tests showed that a satisfactory density can only be achieved
after mechanical aloying and dntering, when boron or boron + carbon are added in such
contents that a liquid phase is produced during sintering.  Thus, satifactory dendties of 97 to
99% could be obtained by sintering in hydrogen a 1280°C, when 10-30vol% NbC, TiC or
AlLOs; were added. Sdatisfactory fatigue drength vaues could dso be achieved following
mechanica dloying, whereby niobium cabide showed obvious advantages in mechanicd
properties when compared to other hard materias such as TiC, TiN, Al,Oz or VC.

Reference is dso made in the literature to experiments invedigeting the drengthening of
powder metdlurgica, aomized high speed Seds with ceramic paticdes such as AlOs,
titanium-nitride and other carbides (65). As an example, one paper can be mentioned that deds
with a water a@omized M3/2 high speed sed powder tha was mixed with commercidly
avalable Nb-carbide of 99.5% purity. In this manner, the niobium carbide content could be
varied to 2.5, 5 and 8 vol% (66). The specimens were sntered under high vacuum.  When the
dntering temperature was beow the solidus temperature, insufficient sintering ability was
guaranteed and pores were present in the microdtructure.  Further experiments ded with the
addition of tantalum carbide and copper-phosphorus to support liquid phase sintering (see aso
64, 65). The papers report satisfactory wear tests where niobium and tantalum carbides were
present. It was dso found that the presence of niobium carbide displaces the vanadium from the
primary M C-carbides during the sintering process and mixed carbides of (V,Nb)C are formed.

Addition of Niobium Carbide by Laser-dloying

In laser-dloying, the materid is localy mdted on the surface by means of an eficiently
focused laser beam. A smdl molten meta bath is formed by the interaction of the laser beam
and the subgtrate, where various additions can be made, eg. via injection of powders using inert
gas. Due to the high efficiency of the laser, the metd bath can be overheated and bath
temperatures of more than 1800°C are within reach. These high mdt temperaiures engble
thermodynamicaly dable chemicd compounds such as mono-carbides of niobium and
vanadium to be disolved in the mdt in a laage amount. After the dloying process,



olidification tekes place, due to the smdl bath volume with a high heat disspation to the
substrate and with cooling rates often over 10° K/s (67).

Due to the nature of the process, the metad bath volume is very smal and thus laser-dloying is
primarily suited for partia dloying of highly loaded locations on dructurd components, such
as the cutting edges on tools.

When appropriate process parameters are selected, niobium contents of over 20wt% can be
redized in laser-aloyed surface mdting, corresponding to a mean carbon content of more than
2.8Wt% in the surface melt (68).

Even minor niobium carbide additions affect the solidification dructure to a high degree.
Figure 20 summarizes the dructure modifications dependent on the average niobium content of
laser-dloyed mdting beads. For up to 4wt% nicbium, metalic dendrites and two different
eutectics occur in the rapidly <olidified dructure. At niobium contents over 4wit%,
solidification begins with the precipitation of niobium rich mono-carbides from the mélt.
Figure 21 illugrates the solidification structure of an HS 6-5-2 subdtrate dloyed with niobium
carbide. The niobium content amounts to approximately 6.6wt%. The solidification Structure
shows dar-shgped, niobium rich mono-carbides and eutectic cells with a second eutectic
dructure between them. Due to the high cooling rate, the mono-carbides reman fine in thar
Sze. At low niobium contents they appear in blooms whereas a higher niobium contents they
develop an increasingly dendritic morphology. The carbide sze achieved in laser dloying fits
very wel into the scater band of mets with different solidification rates (Figure 10). Andyses
prove that mono-carbides produced via the laser-aloying process are rich in niobium and
incorporate only smal amounts of other dloying eements  The niobium content of the
metalic dendrites is close to the detection limit. Thus, the concluson can be drawn that dmost
al of the niobium is presant in the mono-carbides precipitated from the melt and in the mono-
carbides of the eutectic cdls (this is dso true of other production processes). With lasr-
dloying, the amount of wear ressing mono-carbides can be increased by adding niobium.
However, remarkable improvements in the secondary hardness behaviour cannot, however, not
also be expected.
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The direct precipitation of mono-carbides from the melt a niobium contents above about 4wt%
corresponds approximately to the eutecticum in the quas-binary Fe-NbC-system (69, 70). Due
to the poor interaction of the aloying dements of HS 6-5-2 with the niobium carbide, the



solidification behaviour of the NbC laser-dloyed HS 6-5-2 can be agpproximately described
using the existing quasi-binary and quas-ternary phase diagrams, despite the high cooling rate.

Examplesof Use

The use of niobium as an dloying dement in tool seds has increased remarkably during the
last 20 years. Thus, only a smdl sdection of the outstanding examples can be presented in the
folowing. The fact that niobium is a drong carbide-forming dement is utilised a gandl
niobium contents of 0.01 to max. 0.20wt.% for the prevention or the retardation of austenitic
gran growth by fine and dable carbides (addition as micro-dloying dement), or, & higher
contents, for the formation of wear-resstant carbides (71, 72) offer an appropriate survey on the
current use of nicbium in high speed steds (Table V).

TableV Examplesof Nb-aloyed tool stedls (72)

Chemical composition in wt%

Application C Cr Mo V Nb others

Nb-microalloyed

cutting teeth of power saws 060 - - - 004

shop tool 012 - 018 - 010 1.8Mn

plastic mould tool (122) 012 035 - - 010 20Mn-35Ni—12Cu-11Al

die casting tool for Al-alloys (103) 037 53 125 035 007

hot-working of Cu-alloys (106) 038 260 260 075 010 1.7Mn-0.006B

rollsfor cold-working (112) 080 200 050 020 010

Punching/coining die (115) 110 830 210 050 010 10Al

Machining of tough tools (Ni, Ti) 110 430 500 19 007 64W-11Al
Primary NbC

warm forming (108) 058 450 270 08 045 18W

hot working of valve steels (107) 058 400 250 100 150 30Co

cutter knife 080 1300 130 090 070

metal drill 110 440 460 160 070 20W

meta drill (92) 100 400 300 120 260 30W

high-speed milling cutter (85, 86) 110 400 440 050 220 82W-100Co

beater in mills 150 1600 200 5.00

extremly hard welded facings 530 2000 650 100 650 25W
Nb-stabilized

Multilayer bonding jigs 003 1650 - - 040 44Ni-41Cu
Nb in intermetallics

pressdie 004 1900 310 - 530 525Ni—0.6AI—-09Ti—0.005B

Depending on their agpplication, the working properties of tool steds are manifold. Essentid
working properties ae  hardness, red hadness, hardenability, tempering resistance,
compression drength, fatigue strength, toughness, hot toughness, wear resstance, cutting tool
endurance, therma conductivity, therma shock resstance, corroson resistance, dimensiond
dability, hot-working capacity, cold workability, machingbility, grindability, polishability.

The effect of niobium on these working properties should not be over-amplified by consdering
only that niobium is a drong carbide-forming eement and therefore higher amounts of niobium
carbide are formed when niobium is added, causing only the wear resstance to increase. In the
section on metdlurgical fundamentds, it was dealy illusraed that the addition of niobium
gretly influences the dlowing concept of tool deds, for instance dlowing higher audenitizing
temperatures and thus affecting the saturation of audtenite with dloying dements, releasing
vanadium for secondary hardness, influencing the carbides formed during solidification and so



affecting and modifying further properties such as hardness, red hardness, tempering resistance,
ductility and hot ductility aswell asthe life of the cutting tool directly and indirectly.

The direct influence of niobium, as a micro-dloying dement, on the audtenitic gran growth has
dready been dedt with in the section “Solubility of niobium in audtenite’. The wear resstance
of tool gseds, which is an important property for many gpplications, depends to a high degree
on the amount of carbides present (Figure 22) (73). Consequently, there is a strong connection
between the niobium content and the wear resistance in high speed steds (21) (Figure 23).
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Figure 22: Wear (cross punch/matrix) Figure 23: Results of wear tests of high speed
dependent from the cabide amount of tool sted as a function of NbC content(71)

hardened tool stedls (73). according to (21).
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From the manufacturer’s point of view, tool stedls are divided into four categories, i.e. cold
work tool stedls, hot work tool steels, high speed stedls and steels for plastic moulds (74).

In the following, sdected examples from each of these categories are presented. However, not
in dl cases have these grades been produced, or will be produced, on a large technicd scde. In
many cases, the examples ded with laboratory and/or experimentd mets with interesting
results that definitely offer the prospect of large-scae production in future.

The dloying compostions concelved in these cases ae often fa beyond sandard
compositions, s0 that the correct classfication according to the four sdected categories cannot
aways be guaranteed.

High Speed Stedls

It has been known for quite some time that niobium is a useful and effective addition to high
speed stedls (75-77). The gpplication as an dloying dement in high speed stedls was hindered
by the fact that niobium was not available a satisfactory codts for quite a long time, and that the
devdopment of high speed deds was caried out highly empiricdly for dmogt haf a century
by developing appropriately balanced property profiles. Intendfied investigations on the use of
niobium in high speed deds darted in the mid seventies (4, 5, 27, 32, 33, 62, 78-83). The
papers (6, 7, 27) ded with niobium as an dloying dement in the high speed sted M2, whereby
gther pat or dl of the vanadium was replaced by nicbium. In these dudies, the as-cast
dructure showed, in addition to the usua M2C-eutectic, a niobium-containing mixed carbide-
eutectic or, a increasing Nb-contents in the mdt, an MgC-eutectic. At higher niobium




contents, primary NbC was dso found. The addition of niobium resulted in a carbon deficit
within the matrix. The exiding literature as yet includes no references to increasing the carbon
content as compensation for this carbon deficit. The best results are achieved with a sted of
6%W, oMo, £6Cr, %V, 1%Nb and 0.9%C. That is, an HS 65-2, where hdf the weight
percentage of vanadium is replaced by niobium. References (6, 7) refer to the essentid fact that
the complete replacement of vanadium by niobium does not result in a sufficient secondary
hardness, and that niobium contaning steds can be audenitized a higher temperatures than
Nb-free grades. Vanadium contaning deds showed higher hardnessvdues than niobium-
deds. Thus it is highly probable that vanadium is an essentid dement for secondary hardness
and should therefore not be completely replaced.

Other papers known at this time (84, 92) ded with an M2 high speed sted where the carbide-
forming dements molybdenum and tungsten were replaced by adequate amounts of niobium. It
must, however, be stated, that the complex role of niobium has not yet been invesigated to its
full extent.

As dready dsated (84), the carbon content must be redefined for higher niobium-additions to
ensure sufficient matrix saturation and secondary hardness.  An increase in carbon from 0.82%
to 1% in a ged with 2%W, 5%Mo, 4%Cr, 1%V and 4%Nb resulted in a remarkably high
secondary hardness maximum.  In Brazil (Acos Villares), a high speed tool sted containing
1.3% C, 4.25% Cr, 4.5% Mo, 8% W, 2.7% V and 10% Co has been produced (85, 86), whereby
the carbon was adjusted and the vanadium partly and aso completely replaced by niobium. So
e.g. 3oV was replaced by 2.2% Nb + 0.5% V in a T42 (S 10-4-3-10) sted grade. The result
was again a better perfomance. This sed, VILLARES VK-10N, was regularly produced for
more than a decade.

The effect of niobium and carbon on the microstructure and tool life of high speed seds of the
type HS 6-5-2 (M2) was investigated (80). The god of this invedigation was to compare
conventiona high speed deds of the type M2 with those where haf the weight percentage of
vanadium had been replaced by niobium. A comparison of the sted grades was made for three
different carbon contents. The compostions of the steds are listed in Table VI. The table dso
shows the carbon contents required for complete carbide formation.

Table VI Chemical composition of experimental melts, caculated carbon contents

and hardening temperature (80)
wt% C calculated (%)
. . Hardening
C w Mo Cr \Y Nb V\éth Without temperature
r Cr 0
0.91 6.60 4.88 4.15 0.94 0.97 1.10 0.85 1230
1.10 6.80 5.06 4.26 1.15 0.85 1.13 0.87 1230
117 6.45 505 4.10 112 0.81 111 0.86 1230
0.4 6.80 473 4.38 1.77 - 1.16 0.92 1220
1.05 6.81 513 451 1.88 - 1.18 0.91 1210
117 6.59 5.19 419 2.16 - 123 0.98 1210

The equivdent carbon vaues were adopted from the literature (16) on the assumption that
vanadium forms a V4Cs carbide, that two atoms of tungsten or two atoms of molybdenum each
are combined with one atom of carbon in an MsC-carbide and that chromium to a large extent
is precipitated as Cro3Cs. Niobium is found as NbC. These values are obvioudy estimations, as
mixed carbides in high speed deds are much more complex. Experience has proved that
chromium, in niobium-free stedl grades, must only be taken into account for the carbon baance



a higher carbon contents. From these consderations it can be seen that in the vanadium-sted
grades, the lowest carbon content of 0.94% C is badanced, and the other two melts are dightly
overcarburized with 1.05 and 1.17% C. In the niobium-containing seds, the sed with a mean
carbon content of 1.10% is balanced, whilst the other two demonstrate one insufficient carbon
content and one dightly higher carbon content.

In dl 9x experimenta mdts, increasng the carbon content resulted in a coarsening of the MC-
carbides in the as-cast date. In the supersatured States, wesker carbide forming eements are
incorporated into MC as wel as into MgC-carbides except for NbC, where purer primary
carbides are precipitated with an increesng carbon content in the melt. As expected, a higher
carbon content in niobium free stedl grades results in a higher proportion of retained audenite
in the asquenched date. With dight overcarburization, the maximum secondary hardness will
be achieved.

The same tendency can be observed in niobium-containing stedls. Niobium shows a stronger
affinity towards carbon, therefore, even with a carbon content of 0.95wt%, the full content of
niobium is precipitated as MC, appearing as niobium rich primary carbides and niobium-
vanadium mixed carbides in a ledeburitic structure. With a baanced carbon content, niobium-
vanadium-iron mixed carbides, with a large homogeneous range, precipitate from the mdt as
eutectics.  With increasing carbon content (supersaturation), the nicbium-vanadium-iron mixed
carbides disgppear and primary niobium-carbides are precipitated in addition to the niobium
vanadium-mixed carbides (80).

On comparing the secondary hardening potentid (13) of the matrix and the amount of
precipitated carbides with the perfomance results, it turns out that the classca high speed sted
grades such as HS 6-5-2 and HS 2-9-2 show a higher amount of carbides than would be
necessary to account for ther performance. This knowledge lead to the development of an
niobium aloyed, economica high speed sted with a compostion of 26W, 3%6Mo, 1.5%V and
0.5%Nb (13, 87). In this new ged, that is patented (88) and has adso been produced on an
indugtrid  scale, niobium  replaces vanadium in the formaion of wear-resstant primary
cabides. Therefore, the content of vanadium can be reduced to the level that guarantees an
optimum matrix saturation and thus a favourable secondary hardening behaviour (Table VII).

Table VII  Chemicd compostion, cdculated carbon content and hardening

temperature (13)
. C-content Hardening
0,
Steel grade Composition [wt%] calculated [%] temperature
with without o
C Cr W Mo \% Nb Cr Cr C

S351505(Nb) 095 398 305 4.65 138 0.50 0.97 0.73 1180- 1200
S6-52 091 4.18 6.08 4.70 187 - 114 0.89 1190 - 1230

The experiments proved that the hardening temperature should be redtricted to 1210°C, since
these economic high speed sted grades tend towards a coarse grain formation during the
hardening process, due to the lower density of carbide particles. In spite of the low hardening
temperature, the HS 3-5-1.5-0.5(Nb) has the same suitable matrix potentid as the conventiond
HS 6-5-2 and a smilar decompostion behaviour of the retained audtenite  Investigaions
edablished a comparable peformance a average load conditions when turning, drilling,
sawing- and milling processes were carried out (Figure 24). It is only a higher cutting speeds
that the performance of the economic high speed sted decreases below the performance of
conventiona stedls, as, despite a sufficient secondary hardness, the dendty of carbide particles



is much lower. This results in a heavier temperature load on the cutting edge when cutting
materials with higher strength and a higher cutting peeds.
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Figure24: Q) Tool performance of AISI M2 and a Nb-dloyed economic
grade in continuous cutting. Work materid: AlSI 02 heat treated to 960N/mm?;
Feed: 0.2mm/rev. Criterion: totd blunting; b) Drill performance of M2 and a
Nb-dloyed economy grade. Work Materid: as @) Drill 9z A 8mm. Hole depth:
25 mm. Criterion: totd blunting; c)Average flank wear in dot milling (A&
100mm). Work materid: plain cabon stedd with 0.6% C (700N/mm?). Feed:
80mmymin. Milled Section: 2 x 10mm.

The compodtion of the economic high speed e grade obvioudy presents an optimum dloy
compostion for saving on expensve cabide-forming dements. A further decrease, eg.
towards an HS 1-5-2, results in a greater reduction in performance. Also, the increase in carbon
content combined with an increase in cost-saving carbide formers such as niobium and
vanadium fails, because of the growth of primary carbides during solidification (12).

The question of whether the pogtive effects of dements such as cacium, nitrogen, boron and
cobat can aso be used n the S 3-5-1.5-0.5(Nb) economic high speed stedl, was tackled in (89)
(Table VIII). This invedtigation dedt with the effect of these dements on the solidification
path, carbide precipitation, M>C decompostion, microstructure and hardness behaviour. A
summary of this invedtigation shows that no genera improvement can be achieved by the
addition of these dements, but that potentid improvements for certain application are a

possibility.

Table VIII Andyses of the dloysinvestigated (in wit%) (89)

Alloy C Cr Mo Vv W Nb Ca Co B N
N1 0.86 3.98 4.48 154 295 0.60
N2 0.88 411 4.72 156 299 0.65 0.015
N3 0.93 4.06 4.73 154 310 0.65 - 494
N4 0.90 415 4.95 154 304 0.66 - - - 0.077
NS 0.88 398 4.39 161 283 0.63 - - 0.01

NG 0.95 4.07 471 150 313 0.62 - - 0.03




Many more examples can be shown for the use of niobium in high speed Steds.  Bohler
Edesahl in Kapfenberg has developed a high speed sted S 620 (90) to save the addition of
expensve cobdt. The nomind compostion of this sed is 1.1% C, 4.3% Cr, 6.4% W, 5% Mo,
1.9% V, 1.1% Al and 0.07% Nb. This ded is used in paticular for intermittent cutting of
nicke-based and titanium-based aloys and it performs better than the remarkably more highly
alloyed M42 (HS 210-1-8) or T42 (HS 10-4-3-10) grades which have cobdt contents of up to
8 and 10%. The matrix concept was dso used for the development of a sted where dl primary
cabides exisging in M2 were subdtituted by niobium-carbide (92). This lean-dloyed dsed
grade has a matrix compostion of 1% C, 4% Cr, 3% W, 3% Mo, 1.2% V and 2.6% Nb.
Investigations proved that niobium-carbides of up to only 20 um in dze were found in the
hardened matrix. Compared to a standard M2 sted, this test sted had a secondary hardness
vadue which was lower by 1.5 HRC, however it dso had excdlent ductility vaues in bending
tests. While turning softer materids such as audtenitic seds, the test sted showed an improved
performance compared to M2.

The largest tool sted manufaturer in Romania, i.e. Tirgoviste Works, has developed a high
gpeed sted with the composition 1.1% C, 4.4% Cr, 4.6% Mo, 2% W, 1.6% V and 0.7% Nb
usng titanium as an inoculant. The inoculgtion of primary niobium carbide using titanium-
nitride resulted in a superior carbide digribution within the matrix. Tools (drills, screwtaps)
made from this sted showed an increase in performance of about 15 % compared to the higher
aloyed M2 a hardness values of 65 HRC (71).

Based on an ealier high speed sted development called “Matrix niobium® (83) the following
chemical composition of 1.1% C, 4% Cr, 3% Mo, 3% W, 2% V, 2% Nb and 0.1% Ti was used
for a sted grade that was produced on an indudtrid scde (93). This sted could be used
successfully in drilling processes and was equd in its performance to an AlSI M2 ded. In
another investigation (94), varying proportions of cobdt, duminum and slicon were added to
this stedl (Table IX).

TableIX Studied high speed stedls, chemical composition (94)

STEEL c Cr Mo w \% Co Nb S Al
I (M42) 1.06 3.86 9.37 158 124 819 - 0.28
11(M2) 0.83 381 484 6.23 186 043 ---- 0.20

" 110 419 3.20 3.36 200 017 168 0.24

v 108 421 3.38 328 1.90 4.38 181 0.36
\% 113 4.29 327 340 197 0.28 177 0.95 149
\l 103 445 3.68 333 191 511 183 112 0.89

On the one hand, a comparison wth the AISI M2 and AlSI M42 was to be established and on
the other hand the question of whether cobdt could be replaced by duminum and slicon was to
be answered. The auminum and glicon additions resulted in a higher volume fraction of
insoluble carbides, a samdler augtenitic grain sze and a minor amount of retained augenite with
secondary hardness values after tempering of 65.5 to 66 HRC.

Experiments were adso carried out on an M7 ged (HS 29-2) where 4V and 0.8%W were
subgtituted by 2%Nb (95, 96). The results showed that (without consideration of the carbon
deficit) the niobium-aloyed grade could not quite achieve the tool performance of an M7 or an



M2 ged. The experiments also proved that the volume fraction of MC was higher, and that the
amount of the eutectic fraction remarkably lower, thaninaM7 sed.

Based on a composition of Fe + 246Cr + 1%C, experiments were carried out to develop a stedl
with niobium-contents of up to 4 % by adding ferite-dabilizing ements. A kg mdt with a
matrix compogtion of 2%W, 4%Mo, 1.1%V, 3.7%Cr, 4%Nb + 1.5%Al and 1%S was
designed for a laboratory test (25). Carbon content was established according to the empirica
equation for stoichiometric carbides (16).

S: =0.033% W + 0.063 % Mo + 0.06 % Cr + 0.235% V + 0.13 % Nb

The two ferite dabilizing dements, duminum and slicon, together with the specidly sdected
matrix composgtion of the sted dlowed the addition of over 4% Nb without the formation of
any coarse niobium-carbides during solidification.

One invedtigation (97) dedt with the effect of titanium and niobium on the properties of a
tungstenfree high speed sted containing 0.99%C, 6.1%Cr, 3%Mo, 2.51%V, 0.65%S and
0.53%Mn, to which up to 0.9%titanium and up to 2.0%niobium were added. The authors
reported satisfactory results, i.e. a finer audenitic grain and good bending test vaues under
comparable conditions resulting from the addition of niobium.

In addition to the examples in the section “Powder metdlurgica production routes’ that am for
the use of higher proportions of niobiumcarbide, specific niobium contents have aso been
adjused in dngle cases in powder-metdlurgical high speed deds.  ASP-steds, which have
been produced by Erasted Kloster/Soderfors since the 1970°s developed better mechanica
properties after the application of the ESH (electro-dag-hedting) process, which results in a
ded with a low nonrmetdlic indudon content. Reference (98) refers to ASP 2017 (0.80% C,
4.2% Cr, 3% Mo, 3% W, 1%V, 8% Co, 1% Nb) which is characterized by its good
combination of hardness and toughness properties. It is used in cutting processes as a low-
dloyed, PM high speed dted that meets demands for high toughness. When 1.9% Nb and/or
1% Ti were added to an aomized high speed sted powder of the type CSN 19830 and
investigations of microgructure and tool performance were carried out (compaction of the
gseds was achieved in extruson), compared to high speed stedls produced in ingot metallurgy,
the steds manufactured by powder metalurgy showed a remarkable incresse in carbide content
and an obvious improvement of the tool performance resulting from the niobium and titanium
additions (99).

Thyssen Edelstahl developed two niobium-containing PM-stedls, called TSP 1 and TSP 8, for
which a patent has been agpplied (124). The TSP1, containing 0.80%C, 6.2%Cr, 3.0%Mo,
1.1%V, 306Co and 1.0%Nb is an intermediate high speed sted produced by powder metalurgy
and it is used for forging tools in warm forming processes. The dloy content as wdl as the
performance le between those of hot work tool steels and conventiona high speed stedds. The
PM tool ged TSP 8 containing 2.4%C, 6.2%Cr, Mo, 8%V, <0.8%Co and 1.8%Nb provides
an improved performance compared to PM tool steels but a lower one compared to hard metals.
The extremely high vanadium content in addition to the high niobium content results in an
excdlent wear redgance combined with adequate toughnesss The TSP 8 is used for
compaecting dies in powder metdlurgy and tools for cutting highly abrasve materids such as
paper, paperboard or glass-fiber reinforced plastics.



Tests of materids incorporating varying high amounts of niobium-carbide and titanium-carbide
in high speed stedd powders of grade M3/2, i.e. an HS 6-5-2/3 ded, in order to achieve an
improved wear resstance, were not successful. The addition of 7.7% niobium carbide and/or
5% titanium carbide and/or 5 to 15% manganese-sulphide resulted in poor bending vaues in
the three-point bending test, due to clustering of the carbides and/or MnS (100). (Without
mechanicd dloying, a aufficiertly fine carbide didribution in the matrix seems not to be

possible.)

Finaly, it should be mentioned that tests were aso performed on an M2-ged to invedigete the
effect of an addition of boron (up to 1%) and nicbium (up to 1.8%) on the stuctue and
properties, when the sted is transformed into a mixed amorphous-crysdline sate by the melt
sinning process. It could be proved that the thermd dability of the amorphous drips is
increased by up to 100 to 150°C due to the addition of niobium, as compared to niobium free
but boron dloyed HS 6-5-2 (101).

Hot Work Tool Steds

In many cases, a smdl amount of niobium is added to hot work tool stedls to inhibit the
audenitic gran growth. The matrix compostion of an AlISI H13 sed grade is 0.4% C, 5% Cr,
1.5% Mo with an addition of about 1% V to improve hot hardness. However, investigation
show that at a temperature of 1020°C this augtenite camot dissolve more than 0.59% V (102).
Further tests were carried out to reduce the vanadium content to 0.5% and & the same time add
0.1% niobium for grain dabilization. The authors report that the experimenta sted could be
produced a lower cods and with a finer audenitic grain Sze and that it showed the same
properties as a H13 grade with a vanadium content of 0.95%.

These studies were continued, and a two-tonne mdt with the compostion 0.37%C, 5.35%Cr,
1.25%Mo, 0.35%V and 0.07%Nb was made (103). The results show that the audtenitizing
temperature should be adjusted to 1020°C to avoid augtenitic grain growth, and that tempering
a 540°C will result in optimum tendle drength and toughness properties.  This was the
background to an industria application for this sedl eg. in toolsfor duminum die cagting.

In references (104, 105) further invedtigations on the same ded grade are presented. They
confirm the finer augtenitic grain dze and the finer carbide distribution compared to vanadium
containing sted, as well as a better toughness.

A more highly dloyed hot work tool sted W335 with 0.12% Nb was developed at Bohler
Eddstahl Kapfenberg for extruding-press and die casting tools used in the processing of heavy,
non-ferrous metals such as copper and copper dloys (106). This sted (composition: 0.38%C,
0.65%S, 1.70%Mn, 2.60%Mo, 0.75%V and 0.15%Nb max.) pemits audenitizing
temperatures of up to 1080°C with an outstanding high-temperature strength at temperatures up
to 600°C and above (Figure 25).

Carpenter Technology (107) has developed a hot work tool sted called “Thermowear” for
extruding-press tools whose composition is 0.58%C, 4%Cr, 2.5%Mo, 1.0%V, 3%Co and
1.5%Nb and whose life is up to 100% longer than that o the more highly dloyed AISI H19. In
addition to higher audenitizing temperatures of up to 1100°C without an inacceptable grain
growth, the addition of niobium to the Thermowesar resulted in the formation of wear-resstant
carbides.



A new ged, “VTM", for hot-forging processes was developed at Acos Villares (Brazil)
showing an excdlent combination of srength, ductility and wear-ressting properties. The sted
has the composition 0.58%C, 4.5%Cr, 2.7%Mo, 1.8%W, 0.8%V and 0.45%Nb. This ged is
consderably better in its cregp resstance than H13 and four to five times better in its impact
toughness than the AISI M2 a comparable hardness vaues of 57 to 62 HRC. Here too,
niobium forms insoluble carbides in a fine didribution and increases wear resstance without
affecting impact toughness (108).

Hitachi developed the niobium dloyed sed YXR33 with an edimaed andyss of 0.5%C,
0.1%S, 0.4%Mn, 4.2%Cr, 2.1%Mo, 1.2%V, 0.7%C, 1.6%W and 0.15% Nb (109) for
gpplication in the fidd of warm forming, where high toughness and drength vaues are
required. In addition to a superior high temperature drength, this sted possesses excelent
toughness properties within a hardness range of 54 to 58 HRC. In particular, it poves to be
wesar resstant and resistant againgt the appearance of clinks.

When wed deposts are made on hot work tool stedls to decrease wear, then welding
electrodes frequently contain a cetan percentage of niobium carbide. Examples of an
X32CrMoV33 (DIN 1.2365) sed and welding electrodes containing agpprox. 3% NbC are
givenin publications (110, 111).

Cold Work Tool Steds

Cold work tool steels are used under conditions where the temperature does not exceed Z0°C.
As cold work tool stedl grades must possess a particularly high wear resstance, the highest
possible carbide amounts are present here. A high toughness is dso required when the tool
surface is subject to great tensle stresses, e.g. during cold working or punching. Compressive
drength and machinability are dso important properties. Here too, niobium contents of 0.10%
(micro-dloying) play an important pat in the exigence of dable carbides during hest
trestment, as they inhibit audenitic gran growth and result in a fine-grained sructure with
improved toughness properties. The 0.10% niobium addition to a medium-dloyed ged that is
used for rollers in a cold rolling mill (estimated compostion 0.8%C, 2%Cr, 0.5%Mo and
0.2%V) results in an improved depth of hardness , and a reduction of retained austenite and
thus provides an improved performance as compared to a non micro-alloyed grade (112).

The 12% ledeburitic chromium steels eg. DIN W.Nr. 1.2379 {.55%C, 12%Cr, 0.7%Mo and
1.0%V) characteridicaly have a particularly high abrasve wear resgtance, due to ther high
cabide content, but they have only indgnificant toughness properties. The 5% chromium
steels eg. DIN W.Nr. 1.2363 (1%C, 5.3%Cr, 1.1%Mo and 0.2%V) have remarkably improved
toughness values, but a poorer wear resistance. At Bohler Eddstahl, a new cold work tool sted
designated Bohler K 340 ECOSTAR was developed that combines the good wear resistance
and compressive drength of the 12% chromium steds with the adequate toughness of low-
alloyed B0 Cr-sted grades (91, 113-115). This secondary hardening, air hardenable cold work
tool ded, poor in dimensond dability, (with a chemicd compostion of 1.1%C, 0.9%S,
0.4%Mn, 8.3%Cr, 2.1%Mo and 0.5%V + 1.0%Al + 0.13%Nb) has a high toughness combined
with good compresson srength and high wear resstance. Due to the dloying agents, carbides
are digributed more homogeneoudy and in finer gran szes than in the 12% ledeburitic Cr-
ded grades. This sed shows a good meachinability and a very high tempering resistance
(Figure 26); and is well suited for nitriding and coating. Bohler K 340 ECOSTAR is being usd
for cutting, blanking and punching tools (shear blades, dies, punches and mandrels) and cold
forming tools (drawing, deep drawing, extruson, embossing and threading tools).
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Figure 25: Hot strength chart of Bohler W335(heat Figure 26: Long time tempering response of
treated to Rm = 1550N/mm?) (106). high chromium tool deds compared with

Bohler K 340 (71) adapted from (113).

Bohler Edestahl has recently succeeded in the development of a new ledeburitic cold work tool
ded desgnated Bohler K 360 that redizes a further improvement in wear resistance and
toughness. This sted grade combines the high toughness properties of K 340 with the excdlent
wear properties of DIN 1.2379 (X155CrVMol2 1). A paent has been agpplied for, for the
Bohler K 360 sed, with a named compogtion of 1.25%C, 0.9%Si, 0.35%Mn, 8.7%Cr,
2.7%Mo, 1.2%V, 0.8%Al and 0.5%Nb (116). With a hardness value of 61 HRC, its bending
srength lies over 5000N/mm?, and with a hardness of 64HRC its toughness properties are
remarkably better than those of the 12%-ledeburitic chromium sted & a hardness vdue of
61HRC. The compression strength values are dso above those of the 86 Cr-stedls and 12%
Cr-geds, the dorasve and adhesve wear behaviour of K 360 is dso better than that of the
other stedl grades. Thus the recently developed Bohler K 360 sted is the superior grade due to
its outstanding combination of toughness, wear resstance, hardness and compressve srength
(117).

Thyssen Edelsahl has developed a sed with the compostion 1.1%C, 8.3%Cr, 2.2%Mo,
0.3%V and 0.8%Nb cadled FOR 821/Thyrodur 2393 (125). It shows a good dimensional
gability, high compresson strength and wear resistance, very good retention of hardness, good
machinability and grindability. This grade combines dso the characteristic advantages of the
5% Cr (AISI A2) and 12% Cr stedl (AISI D2).

Developments in 13% chromium steds (DIN 1.4153 with 13%Cr, 0.5%Mo, 26V, 0.8%C) dso
showed that a niobium addition can result in a further improvement in the property profile
(118). Figure 27 shows that an improvement in toughness of 25% can be achieved & the same
hardness levd when the fine and homogeneous didribution of primary niobium carbides is
combined with secondary hardening through vanadium. The increased molybdenum-content
results in a better corrosion resstance.  The wear of highly aloyed, ledeburitic cold work tool
deds is essentidly determined by the amount and hardness of the carbides. It is therefore an
obvious development to take advantage of the harder niobium and dso tantaum carbides as
compared to the softer M;Cs-ledeburitic carbides (119). 12%-Cr-steels (X210Crl12) were
therefore produced with a compostion of 1-7%NbC, 1-5%TiC and 2.5%(Nb,Ti)C (120).



Investigations showed that the flank wear decreases with an increasng fraction of MC-
carbides. The wear rate is highly dependent on carbide size and ditribution. Due to the random
digribution of MC-carbides, no increase of possible edge breskage was observed when dloying
with niobium- or titeanium carbide.
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Figure 27: Properties of sted for cutting knives (118).

For hard-facing highly loaded tools, eectrodes are used that are basicdly ledeburitic steds and
that have a high content of carbide-forming dements. In this context reference is made to an
electrode material of 4%C, 25%Cr, 7%Mo, 7%Nb + V and W where a surface hardness of up
to 67HRC can be achieved by deposit welding. In addition to the use of Fe-Nb-powder, ferro-
niobium-carbides can a so be used successfully in eectrodes (121).

Stedsfor Plastic Moulds

Steds for plastic moulds have a typicd compostion of gpprox. 0.40%C, 1.50%Mn, 24Cr and
0.20%Mo. When manufacturing the moulds, it is important tha the steels show a good
machinability a high hardness vaues, and that they have an appropriate dimensond <ability
and agppropriate nitriding &bility.  In service, acceptable compressve strength and wear
resstance are necessary. The microstructure must be homogeneous with the lowest possble
macro and micro-segregation.  In the plastics industry, more and more aggressve materias
containing various additives are being produced; the chromium content of the sted is thus
increased to improve resistance to wear and corroson.  Niobium is aso used as a micro-
dloying demet in these deds. As an example, Bohler M 261-sted, which has a typicd
composition of 0.13%C, 0.30%Si, 2%Mn, 0.35%Cr, 3.50%Ni, 1.20%Cu, 1.20%Al, 0.10%S
and 0.06%Nb, might be mentioned (122, 123).



When tools are manufactured from this materid, a tendle srength of 1250M Pa can be achieved
a a hardness vaue of 44 HRC by a ample ageing trestment and without any additiond steps or
surface modifications;, the result is an obvious increese of compressve drength and wear
resgance. Typica gpplications are in the injection molding of camera or eectronic parts, or in
compresson molding dies such asthe dies for plastic containers.

In reference (126) the pogtive effect of niobium on subdtituting copper in age-hardenable tool
deds usad for plastic processing is reported. EWK (Eddstahl Witten-Krefeld) has applied for
a patent for a soft-magnetic sted for plastic moulds containing 0.05%C, 11%Cr and 0.3%Nb.
The publication (127) refersto the properties of this sted, cdled PH X Supra

Niobium in Cemented Carbides

Since the comprehensve sudy on the role of niobium in cemented carbide dloys about 20
years ago (128), scarcdy any other reference can be found in the literature which would
provide a more thorough metdlurgicd knowledge. So this paper (128) mugt be the man
source in aty summay. In the following, a short summary is presented on the role of niobium
in cemented aloys, based on the results from reference (128), but also from later sudies.

The most important group of hard metas are the WC-Co cemented carbide aloys. The proper
wettability of WC by the binder, cobdt, which aso results in gppropriate toughness vaues,
depends on a condderable solubility of WC in the medlic dloys, in paticular a higher
temperatures.  Occasondly, small additions of other carbides are used to stabilize grain growth
during the gntering process. Furthermore, WC does not form firmly adhering, high-meting-
point oxide layers. WC-Co cemented carbide dloys are therefore relatively easily corroded or
dissolved by the hot chips produced during machining, and that is why pure cemented carbide
dloys are not suited to the machining of seds  On the contrary, TiC forms high mdting-point
and firmly adhering oxide layers that prevent oxidation during heating inair.

The tendency towards diffuson into the hot sted chip is much lower in the case of titanium
titanium carbide and titaniumniobium carbide and their mixed carbides with WC, than it is with
pure WC. On the one hand, this is related to the much lower solubility of those carbidesin
ferro-metds, and on the other hand to their tendency towards the development of firmly
adhesve oxide layers that hinder diffuson.  Furthermore, titanium-carbide and titanium-
niobium-carbide additions improve high-temperature drength which is important for the
mechining of sed. Low temperature toughness, however, is decreased by these additions.
That is why cubic carbides of varying compostions are added to WC-Co cemented carbide
dloys, resulting in a cubic mixed carbide in the Sintered product (1).

Tungsten carbide has a hexagonal close-packed crystal sructure, while the other carbides
mentioned have a fcc aydd dructure.  Some miscibility exists, however, snce the hexagond
WC-lattice can be transformed into a cubic structure by a rdaively minor shifting of the lattice
components. This dso explains the good solubility of tungsten carbide in cubic carbides, in
particular in titeanium carbides.

Investigations proved that when niobium carbide is added to a hard meta, niobium prefers the
cubic carbide, exigts in the cobat binding phase only in minor amounts, and is not incorporated
into the hexagona WC (129) (Table X).



Table X  Prdiminay results of atom probe andyss of cemented carbide
containing 53 W, 15 Ti, 11 Ta, 3Nb, 9 Co, 7.8 C and 0.2 N (al inwt%%) (129)
Cubic carbide phase (atomic composition):
(Tio.s6 Tao.11 Nbo.os Wo.28) Co.85 No.o2
Hexagond carbide phase:
W31.00 C1.00
Cobdlt binder phase:
C00.91 Wo.03 Tao.015 Nbo.o15 Fen.02 Co.o1

The hardness of the carbides decreases with increasing temperature. It should be mentioned
that red hardness in mixed cubic carbides decreases more dowly a higher temperatures than
the hardness of pure carbides TiC, NbC or WC (Figure 28).
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Haure 28: Variation of hardness with temperature of various carbides (130, 133).

Tantdum and niobium are Smilar in ther chemica properties and nearly adways occur together
inthe ore.

For the production of hard metas, not only the very expensve TaC with max. 1% NbC, but
aso the chegper TaC with a higher niobium content (tantalum : niobium = 6:1 to 1:1) is usd

(D).

Niobium carbide has smilar properties to TaC and is soluble with TaC in dl ratios. It is
therefore the natura and most commonly used carbide in combination with TaC. As far as its
vauable properties in cemented carbide are concerned, NbC can be ranked between TaC and
TiC. There are different opinions about the degree to which NbC can replace TaC in the
different grades without reducing their performance. US producers dill prefer the pure or Ta-
rich grades, 90:10, 80:20 TaC:NbC, however 60:40 TaC:NbC has been used in Europe for
some time; Japanese production falls between the two extremes (134).



Hard metal grades used for the milling of sed generdly contan a reaivey high amount of
TaC. These TaC additions increase the toughness and decrease therma shock resistance (1).
However, TaC is expensve. Any subditute is of interest, as long as the properties of the hard
metals manufactured with the subgtitute at least match the properties of conventional hard metal
dloys contaning mixed cydds of TiC-TaC-NbC.  While these subditutions do not
sgnificantly change the usud mechanicd and physicd properties of the cemented carbide and
have dso been successfully used in hard metd for turning, high levels of subditution lead to
premature fracture and chipping in milling applications (135). Thus the maximum NbC
subdtitution in phosphorus-hardened grades has been found to be 30% (136).

The carbon content of hard metas, in combination with the carbide-forming dements, mugt be
badanced in such a way that the carbon content is neither too high to result in a graphite
precipitetion during liquid phase sintering, nor too low to result in the formation of complex
cabides. Investigations illudrate that there exists a narrow range for the carbon content in the
ternary system (Nb,W)C-WC-Co where an NbC/WC- ratio of 10/90 to 90/10 can be adjusted
without the appearance of too high or too low a carbon content (131).

Apart from cobdt, the edements nickel and iron can aso be used as a binding phase. The
solubility of the various carbides in these binding phases is completely different (Table XI). &
can be seen that niobium carbide and dso titanium and tantdum carbides, are sgnificantly less
soluble in the binding phases than tungsten-carbide.

Table XI Solubility of different carbidesin cobdt, nickel and iron at 1250°C (1)

Carbide wit% Wt% W1t%
Co Ni Fe
Tungsten-carbide 22 12 7
Titaniumcarbide 1 5 <05
TIiCWC1:1 2 5 05
Tantalumcarbide 3 5 05
Niobium-carbide 5 3 1
Molybdenum-carbide 13 8 5
Vanadiumcarbide 6 7 3
Chromiumcarbide 12 12 8

Table XII contains a summary of cemented carbides of WC/Co type used nowadays and current
variations of cubic carbides.

Table XII Some examples for application of WC/Co based cemented carbides,

adapted from (1)
Hard material Binder Wt% Grainsize Remark

Binder pm
e Co ’_6 05-1 Q.5— 2 yvt% T.|C, VC, NbC
fine-grained microstructure
wcC Co 6-12 05-2 05-2wt% TiC, VC, NbC

wcC Co 6-12 >2
WC, TiC, NbC (TaC) Co 8-15 1-2 6— 20 wt% cubic carbides
WC, TiC, NbC (TaC) Co 8-15 1-2 20— 50 wt% cubic carbides

Niobium carbide is added not only to cemented carbides, but aso to hard ceramic materids to
improve the tool performance. Reference (132) deds with the addition of 5 — 40 wt% NbC to
AlL,O3; where, after liquid phase dntering, a composte materia developed and where increasing
niobium carbide concentration resulted in an improved wear resistance.
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