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Summary

This review initially outlines the possible roles of niobium, as an
alloying element in tool and high speed steels, on hardenability, toughness,
dimensional stability, resistance to softening and wear resistance. Then the
anticipated or known effects of niobium in cold work, hot work and high speed
tool steels are discussed, taking into account its characteristics as a grain
refining and carbide forming element. Emphasis, is placed upon the development
work already performed, particularly, in relation to high speed tool steels.
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Introduction

Tool steels include a large range of compositions from carbon steels to
complex steels containing five or six alloying elements, whose percentages
can add up to more than 30 percent of the total composition.

The compositions most used at present are a result, first, of a tradi-
tion based on approximately one century of industrial experience, and second,
on scientific expertise which arose mainly after World War Two. Almost
always tradition imposed itself slowly. Exceptions appeared either when
additions such as vanadium or cobalt to certain compositions brought effects
of greater or lesser magnitude or when the scarcity of some alloying elements
made changes mandatory, as in the substitution of tungsten by molybdenum.

The main reason for this slow evolutionary process is the complexity of
working conditions for tool steels. Tensile strength, hardness, toughness,
wear resistance, hardenability, machinability and dimensional stability are
the important physical properties to be considered for a tool steel material.
For hot working and cutting tools the following other properties ought also
to be taken into account: resistance to thermal shock, resistance to soften-
ing, resistance to heat checking and resistance to erosion at the working
temperature. The last two properties are of significance in the case of hot
working tools. These properties almost always require high percentages of
carbon and of alloying elements. The simultaneous need of two or more of
these requirements implies some kind of compromise. This situation becomes
more complex because the performance of a tool is not just a function of the
steel composition. The aim of the steel manufacturer is to produce steels
which cover a broad range of uses, sizes, types and geometry of tools and
which could be used for cutting or shaping different materials.

This review discusses the use of niobium in tool and high speed steels.
This alloying element is new in the field, but it could represent an impor-
tant option, due to the known ore reserve levels and the competitive price of
niobium.

Initially the text presents the main useful properties of niobium in
tool steels, mentioning possible or available uses. Further on, the differ-
ent steel groups for cold work, hot work, and high speed tool steels are
discussed separately, considering those points where there already is commer-
cial or laboratory experience referring to the addition of niobium.

Characteristics of Tool Steels = The Role of Niobium

Hardenability

Hardenability is a function of the alloying elements only when they are
in solid solution in austenite. Niobium, in the presence of high percentages
of C existing in tool steels appears as a carbide (or as a carbonitride)
which is less soluble than the carbides of chromium, molybdenum, tungsten and
vanadium (1, 2). In this condition the possibilities of using niobium to
increase the martensite hardenability are unknown. Increasing the quenching
temperature could be tried, but this procedure brings known heat treatment
inconveniences.
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Toughness

The relationship between toughness and composition is still very empiri-
cal, and for a given composition different microstructures show different
levels of toughness. Normally a small grain size is sought after for tool
steels to improve the toughness.

In steels a usual procedure for controlling austenitic grain size is 1o
add small percentages of elements which form low soluble particles that
anchor the austenite grain boundaries; it is well established that this
effect is more pronounced the larger the volume fraction and the finer the
particle distribution.

The elements most commonly used for controlling grain size in steels
are: aluminum, vanadium, titanium and niobium, which form low solubility
nitrides, carbonitrides or carbides. The study of these additions and the
comparisons among them are well known for low carbon steels and for high
strength low alloy (HSLA) steels (3 to 5). In the case of HSLA steels
niobium is known to be very effective in retarding recrystallization during
hot working, which contributes to ferrite grain refinement (6 to 9).

Coladas et a1 (10) verified the effect of niobium as an austenite grain
size controlling element in medium- and high- carbon steels. In conventional
tool steels, vanadium is the element usually added in amounts up to 0.25
percent to inhibit grain growth during the austenitizing treatment.

Mori et al (11) prepared a comparative study of grain growth control
through addition of niobium or vanadium to a hot working steel similar to DIN
s56dicrito¥7 (the closest 0.8, steel type would be 6r3), The composition of
the steel used was basically 0.57 percent C, 0.70 percent Ma, 0.90 percent
Cr, 155 percent Ni, 045 percent Mo. The Nb-steel contained 0.13 percent
Nb, and the V-steel 0.08 percent \. Figure 1 shows the grain sizes obtained
from steel bars of 19 mm, rolled from 900 kg ingots, after being austenitized
for periods of less than 2 hours, at temperatures in the range of 850 C to
1200 C.  These results show that at the lower temperatures (up to 950°C),
grain size and resistance to grain growth given by niobium or vanadium are
equivalent. At higher temperatures, however, (above 1050°C) niobium steel
has better resistance to grain growth than vanadium steel.

In the field of high speed tool steel, Russian literature (12) mentions
niobium, together with the alternatives of zirconium and titanium, as grain
size controlling elements in a steel similar to AISI 2, Additions were in
the order of 02 percent and their effect appeared to be twofold to refine
the as-cast structure, and to restrain grain growth during heat treatment.

Dimensional Stability

Dimensional stability is mainly related to two factors, the compati-
bility between composition, tool geometry and quenching procedure, and the
difference in thermal expansion coefficients between the carbides and the
matrix, particularly when the carbides are of large in size (13)., The effect
of niobium on composition and quenching procedures will, therefore, depend on
the amount of niobium in solution, and the total amount of niobium will be
one of the carbide size determining factors.

The actual practical dimensional stability results from the aicrostcuc-
tural stability, but the effect of niobium in relation to this property is
unknown .
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Figure 1(b). Austenitized at 950 C.

Figure 1L Comparison of the grain controlling influence
of vanadium and niobium additions to a hot work
tool steel (11).
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Figure 1(d). Austenitized at 1200 C.

Figure 1 Comparison of the grain controlling influence
of vanadium and niobium additions to a hot work
tool steel (11).
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Resistance to Softening at High Temperatures

Resistance to softening at high temperatures in hot working steels
depends on the stability of the dislocation and grain boundary structure of
the matrix and of the fine carbides precipitated during tempering. The
greater the stability of the resulting microstructure, the greater the
resistance to softening. For identical carbide distributions, the stability
depends on the type of precipitated carbide, on its degree of coherency to
the matrix, and on the diffusion coefficients of the carbide components.
Experience shows that additions of vanadium and molybdenum and/or tungsten
are useful to tempering resistance. It has to be born in mind, however, that
niobium has a limited solubility in austenite when compared to the previously
mentioned elements. Nevertheless, synergistic effects of secondary hardening
are at least known in some steels alloyed with molybdenum and niobium, or
with vanadium and niobium (14). Secondary hardening on tempering and im—
proved creep resistance are well established for martensitic stainless steels
containing niobium (i4a) which are similar in composition to several tool
grades.

Wear Resistance

Being a complex property, it is difficult to make general assumptions on
wear resistance. In tool steels with fixed composition, microstructure and
working conditions, an increase of wear resistance can be expected with an
increase in the steel hardness and in the amount of hard carbides dispersed
in the matrix (the effect of carbide size is not clear). Niobium ought to be
explored in connection to this matter, because the low solubility of its
extremely hard carbides allows independent variation of matrix composition
and of the quantity of existing carbides.

Cold Work Tool Steals

In this steel group the most important properties are: hardenability,
toughness, dimensional stability and wear resistance.

In these steels, the probability of niobium succeeding as a new addition
or as a substitute for other alloying elements is based mainly on its use as
grain size controlling, or as a carbide-forming element to increase wear
resistance.

The authors are unaware of the use of niobium in cold work tool steels
in an industrial scale. US. Patent no. 3,901,690 (15) employs around 26
percent of niobium to increase wear resistance of steel type AISI-A6.

The addition of niobium to cold work steel to improve its wear resis-
tance is also supported by the British Patent no. 637,222 from Carpenter
Steel Company (16). This patent shows that in carbon tool steels, the effect
of increasing wear resistance can be obtained by the addition of niobium,
tungsten or vanadium. In all these cases, an excess of carbon is added to
form carbides with the alloying elements without modifying the matrix.

It could also be noted, in reference to wear resistance, that the
efficiency of niobium added to cold work steels containing other alloying
elements is larger than the efficiency of vanadium or tungsten. The proposed
reason for this effect would be the higher dilution of vanadium or tungsten
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carbides by the other alloying elements. Niobium carbides are reasonably
immune to this effect, since they tend not to alter their identity in the
presence of other elements. This means that the solubility of these elements
in the niobium carbide is lower than in the vanadium or tungsten carbides.

Hot Work Tool Steels

Desired characteristics for hot work steels are the same as for cold
work steels, plus the requirement of resistance to softening at high tempera-
tures. In the usual compositions, hardenability is high enough not to be a
limiting factor even for large-sized forging dies.

Toughness, cold and hot, is one of the main factors determining the
performance of hot work tools. The use of niobium as a grain size controlling
element should be tried. In relation to this point it is worth mentioning
that some forging plants in Brazil are making use of a steel approximately
equivalent to DIN 36¥icrio¥7, as a result of the study already mentioned
. This steel is now being sold commercially with 0.05 percent of niobium
in substitution for vanadium used originally as a grain size controlling
element. The performance of this niobium steel is at least equal to the
vanadium steel.

Improved wear resistance of conventional hot work steels is conferred by
the addition of vanadium, tungsten or molybdenum, which promotes an increase
in the volume fraction of carbides. Sometimes surface treatments, like
carburizing and nitriding, are carried out to further improve the wear resis-
tance of some hot working tools.

The addition of niobium might be an interesting alternative. U.S.
Patent mo. 3,901,690 (15) presents modifications of steels AISI 1l and H13
with niobium to increase wear resistance. Possibly, as a consequence of this
patent a new steel called Thermowear (17) was introduced commercially in the
United States; its composition is 0.58 percent C, 0.50 percent Ma, 10
percent 34, 40 percent Cr, 25 percent Mo, 10 percent V, 3.0 percent Co,
15 percent Nb and 01 percent Ti.

Field tests showed that automobile valve extrusion dies with Thermowear
gives 10 percent better life over #19; as die blocks for forging compressor
blades, Thermowear significantly out performed #il steel. Another field
trial as a weld bead roller has shown to have many times the life of H13.

A comparison of the room temperature abrasive wear resistance of Thermo-
wear and of several other steels is given in Table L

High Speed Tool Steels

Conventional high speed steels are complex iron-base alloys containing
carbon, chromium, tungsten, molybdenum and vanadium amounting to a minimum 15
percent of the steel composition. Cobalt is sometimes added when higher
resistance to tempering is required. These steels are used primarily for the
manufacture of cutting tools. Table 11 gives the nominal composition,
according to the AISI classification of the most important high speed steels.

All the steels listed in Table 11 are classified as standard high speed
steels according to the American Society for Testing and Material Standard
Specification A 600. There are, however, many leaner alloyed high speed
steels, classified as intermediate high speed steels, claimed to exhibit the
same performance as some of the established grades (9.
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Table L. Abrasive Wear Resistance of Tool Steels.

HARDNESS, AVG. WT. ABRASIVE WEAR
STEEL ROCKWELL C LOSS, g RESISTANCE FACTOR *
(1/WT_LOSS), gt

H 12 46 0.374 267
H 13 48 0.266 3.6
48 0.32 3.1
H 19 56 0.218 4.9
H 21 48 0.291 3.4
46 0.193 5.18
THERMOWEAR 55 0.067 142
58 0.027 37.04

* The abrasive wear resistance is expressed as the inverse of the
average weight loss in grams on several test specimens 22 mm
(0.875 in) round by 33 mm (1.5 in) long abraded against a graded
120 grit alumina paper for 250 revolutions under a 22,58 (5 1b) load.

Table 11, Nominal Composition, in wt’%, of some High Speed Steels.

AISI c i3 v ¥ Mo Go
Tl 0.5 4.0 1.0 18.00 0.70(op) -
T2 0.0 4.0 2.00 18.00 0.60(0p) -
T4 0.5 4.0 1.00 18.00 0.70(op) 5.0
T5 0.8 4.00 2.0 18.0 0.80(op) 8.00
T6 0.8 45 18 20.00 0.70 12.00

T15 1.9 4.00 5.0 12.00 0.50Cop) 5.0
Ml 0.8 4@ 1.0 1.5 83 -
M2 0.8 4.00 2.0 6.00 5.0 -
M3 1.6 4@ 2.50 6.00 5.0 -
M3 1.2 4.00 3.0 6.00 5.0 -
w 1.0 4.00 4.0 55 4.5 -

M10 0.0 4@ 2@ - 8.0 -

op = optional element
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It can be seen that the composition ranges for high speed steels are
wide and varied:

Element Composition range (wt%)
Carbon 0.75 - 1.50
Chromium 4.00 - 450
Molybdenum 0.50 - 8.50
Tungsten 0 - 200
Vanadium 1.0 - 4.0

Cobalt 0 - 120

The ability to retain hardness levels of up to Rockwell C50 at about 550
C is probably the single most important physical properties common to all
high speed steels (19). The two other properties considered to have an
outstanding effect on the cutting ability are wear resistance and toughness.

The steels are normally supplied as bars in the annealed state and the
final heat treatment is to quench and temper to a minimum hardness of Rock-
well C63. The as—cast microstructure is characterized by the presence of
transformed and markedly cored dendrites of austenite surrounded by an
eutectic constituent of transformed austenite and carbides. The eutectic
carbides appear in two different morphologies: fan- and fishbone-shaped as
illustrated in Figure 2(a) and 2(b) respectively. The type of eutectic
carbide and its shape is strongly dependent upon the chemical composition of
the steel (20), Niobium alters markedly the as-cast structures as can be
seen in Figures 2(c) and 3(a) (b) and (ec).

In the deformed and annealed state, the microstructure is composed of a
mixture of complex carbides of types M23C6’ i,G, MC, and MC in a ferritic

matrix. Carbide phases in an annealed 2 high speed steels have been identi-—
fied metallographically by Blickwede et al (21). The volume percentages of
these carbides have been determined by lineal analysis in several high speed
steels in both annealed and quenched condition (22 to 24).

Quenching treatment is conducted at temperatures within 80 C of the
melting point of the particular high speed steel to assure enough carbon and
alloying elements in solid solution in the austenite. Care should be exer-
cised in order to avoid the risk of liquation or excessive grain growth.
Hardened high speed steel is constituted of 55 to 80 percent of highly
alloyed tetragonal martensite, retained austenite (up to 30%) and undissolved
carbides of the types MG, M6C and MC, whose volume fraction varies from 5 to
12 percent.

During the tempering treatment, two important solid state reactions
occur: the precipitation of carbides of W, Mo and V responsible for the
observed secondary hardening and the transformation of the retained austenite
on cooling from the tempering temperature. Thus the microstructure resulting
from quench and tempering consists of a tempered martensite matrix bearing
large primary non-dissolved carbides and finely dispersed secondary carbides.
Usually some retained austenite exists even after multiple tempering.

Niobium has been considered for a long time a potentially useful alloy-
ing element for high speed tool steels (24 to %). However, its widespread
utilization never occurred since almost all the most important high speed
steels were developed over 30 years ago. It is worth mentioning that Nb
became a popular alloying element only after the development of an economical
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Figure 2(a). "Fan shaped" eutectic
Optical micrograph, un-
etched, X 200.

Figure 2(b). "Fish bone"™ eutectic
Optical micrograph,
Murakami etch, X 1000.
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Figure 2(c). "Chinese-script" eutectic and Primary
NbC Optical micrograph, unetched, X 200.

Figure 2. As cast microstructure of a high speed tool steel

similar to Werkstoff No. 13207.
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Figure 3(a). 6 Nb, 5 Mo, 4 Cr, 1V steel. Eutectic
containing W, M and V; also primary NbC
Scanning Electron Micrograph X 500.

Figure 3(b). 2 W, 4 Nb, 5 Mo, 4 Cr, 1V steel M6C eutectic
eutectic, finely-dispersed MGC carbides and
primary NbC. Scanning Electron Micrograph X 500.

Figure 3. Carbide distributions in as cast high speed steels
of the M2 type containing niobium.
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Figure 3(c). 2 W, 3 Nb, 5 Mo, 4 Cr, 1V steel. Small
amount of M6C and predominant NbC in “"lamellar"”

morphology. Scanning Electron Micrograph X 500.

Figure 3. Carbide distributions in as cast high speed
steels of the M2 type containing niobium.
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process for the production of Fe-Nb from pyrochlore. In the last decade,
particularly in the last five years, research work on use of niobium for high
speed steels has increased significantly (12, 27 to 3). Research programs
have been specially designed to independently substitute Nb for V, M and W
in M2 type high speed steel. The results obtained in these programs in terms
of response to secondary hardening are shown in Figure 4 and in Tables ILI
and IV. Several points deserve special attention in relation to these
results (1):

1. The complete substitution of 2 percent V by 2 percent
Nb did not quite reach the same maximum hardness
attained in the M2 high speed steel;

2. The complete substitution of M and W by equal amounts
of Nb, that is 5 percent Mo and 6 percent W for 5 and 6
percent Nb, respectively, rendered the steels fully ferritic;

3. Peak hardness in Nb-containing steels tends to occur
at lower tempering temperatures;

4. The program designed to study the replacement of Mo by
Nb indicated that austenitizing temperature of 1220 C
might not have been the optimum solution treating tempera—
ture for this series of alloys;

5. Nb containing steels can be solution treated at higher
temperatures than M2 witout the danger of liquation or
undesirable grain growth;

6. The carbon content was kept at the same level as for M2,

Detailed microprobe analysis performed in all of these single-element
substitution programs did not detect the presence of niobium in the matrix,
but rather in the primary carbides of the MC type indicating that niobium is
a stronger carbide forming element than molybdenum, tungsten and vanadium.

It was also observed that niobium carbide dissolves less molybdenum, tungsten
and iron than vanadium carbide (30, 37) as can be inferred by comparing

hardening
temperature ,°C

1240
1225 —

HARDNESS , HRC

1280 -~

NN L5 %Nb 1225
52— N -
. ) A | \ 3% Nb 1280

430 500 550 600
TEMPERING TEMPERATURE ,°C

Figure 4. Secondary hardening response of modified
M2 grades (49).
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Table III.

Data on molybdenum substitution steels (29).

STEEL CHEMICAL COMPOSITION ~ (wt%) HARDNESS ~(ROCKWELL C)
c cr v W Mo No el Q4T at 540P  Q&T at 5609
SMo-ONb | 0.90 441 193 579 519 - 63 64 63
OMo-5Nb | 0.84 395 192 619 - 5.5 25¢ _ ]
Mo-3Nb | 090 434 174 610 234 298 62 60 60
2Mo-3Nb | 088 426 198 612 128  2.90 62 59 58

* fully ferritic matrix



Table IV. Data on tungsten substitution steels (42).

LSTT

STEEL CHEMICAL COMPOSITION (wt%) HARDNESS (ROCKWELL C)

c Cr v W Mo Nb fAs— uenched(]) Q&rT Q&rT Q&T

rom 12400C at 5000C at 5509C at 6009C

OW-6Nb 0.84 411 104 012 533 6.10 (96) (2 - - -
2W-4ND 082 403 098 196 525 403 415 44.0 42.7 439
3W-3Nb 080 401 091  3.04 525 3.04 57.3 50.1 57.9 53.6
3W-2Nb 083 442  1.08 300 5.07 1.94 63.6 60.1 57.6 54.9
2W-2Nb 072 403 106  2.08 494 2.00 57.4 63.0 63.2 60.0
2W-3Nb 083 400 121 210 490 2.91 60.7 61.9 61.4 57.5
W-Ohb 080 391 211 620  4.88 - (3)

(1) - Samples were austenitized at 11809c, 12409C and 12800C. 12409C was selected since it represented the best
compromise for the compositions studied.

(2) = The value in parenthesis represents the hardness in the Rockwell B scale; The sample evidenced ferritic
matrix.

(3) - The conventional M2 high speed steel (6W-ONb) quenched from 12009C and double tempered at 5509C gave the
following results: 64.5and 65.5 Rockwell C, respectively.



Figures 5(a) and 5(b). This fact probably explains the decrease in hardness
of vanadium carbide from 2800-2950HV, when pure, to some value in the range
of 1800 to 2520HV (38 to 41). Niobium carbide hardness of 2400HV (38, 39) is
probably less affected.

Taking this fact and solubility/stoichiometric reasoning into account,
Nb containing steels have to be designed with higher C content provided the
other alloying elements are kept constant. Figure 6 shows the striking
effect caused by a 0.2 percent C increase in a steel with the following
nominal composition: 2W-5Mo-4Cr-1V-4Nb (42).

These results strongly suggest the possibility of producing a steel
where W, M and V appear in smaller quantities without losing the well known
effect on the secondary hardening.

Research in this direction has been conducted by Cescon (2) who, by
performing very careful microprobe analysis of the matrices of several
modified M2 type high speed steels, confirmed previous findings of Roberts et
al (43). These authors have shown that the matrix composition of M2 high
speed stels quenched from 1200 C was 2 percent W —= 2.8 percent M = 1 percent
V = 45 percent Cr = 05 percent C. Thompson et al (44) have used the

Nb
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Figure 5(a). Chemical composition of niobium carbide
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Figure 5(b). Chemical composition of vanadium carbide
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Figure 5. X-ray energy analysis traces (37).
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Figure 6. Hardening response after double temper-
ing for 2W-5Mo~1V-4Nb. High speed steel
showing the effect of increasing carbon
content (42),

concepts of stoichiometry of alloy carbides (45) and of the matrix composi-
tion to design a less expensive high speed steel of the following nominal
composition 3 percent W - 3 percent M - 1 percent V - 3 percent Nb - 4
percent Cr = 1 percent C. Moreover, since Nb is only sparingly soluble in
the austenite, the majority of the excess carbides appear as Nb403 or NbC

available for wear resistance. The new steel reached a secondary hardness of
933 VPN on double tempering at 540 C (Figure 7) and produced a fine austenite
grain size of 20 Snyder-Graff at the optimum hardening temperature.

Souza et al (46, 47) developed a high steel composition for lathe
cutting tools, which has been in production industrially since 1980, by a
Brazilian manufacturer (Agos Villares SA). Starting from a nominal compo-
sition of 1.30 percent C, 4.25 percent Cr, 4.5 percent Mo, 80 percent W,
270 percent V, 10 percent Co (similar to German steel W. Nr. 1.3207) largely
used in Europe and Brazil, the partial and total substitution of vanadium by
niobium was made, rebalancing the carbon content. Carbon content was re-
adjusted empirically taking into account forgeability, response to heat
treatment and amount of non-dissolved carbides.

In the as-cast structure, conventional steels present a fan-shaped
eutectic rich in vanadium, tungsten and molybdenum. The addition of niobium
gives rise, depending on composition, to idiomorphic niobium carbides formed
in the liquid state and eutectic niobium carbides with “chinese script" =
type morphology as already seen in Figure 2(c). The resulting rolled struc-
ture is shown in Figure 8 In this figure niobium carbides are emphasized to
show their distribution in rolled bar, which has a reduction of 50 times.
Hardness values after tempering were in general higher in steel containing
both vanadium and niobium, than in steels containing only niobium or vanadium
(Figures 9(a) and (b)). However, vanadium-containing steel presents higher
hardness values than niobium-containing steel, which suggests that vanadium
is important in secondary hardening as could have been inferred from previous
results (27, 48, 49). The tool performance of similar steels under con-
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Figure 7. Secondary hardening curves after double tempering for
3W-3Mo-V-3Nb high speed steel showing effects of harden-
ing temperature and comparison with standard M2 (44).



tinuous cutting conditions, was evaluated for different compositions quenched
and tempered to the same hardness value: 66f 0.5 HRC The machined material
was the steel SAE 4340 quenched and tempered to 300 BHN. Coolant fluid was
used, with a feed of 0.202 mm per revolution and a depth of cut of 2 mm. The
life curve was prepared, corresponding to a wear width of 0.600 mm. Results
are in Figure 10 for three compositions: the conventional one, a composition
containing just niobium, and the third one with niobium and vanadium. It can
be observed that the Nb plus V steel exhibited the best performance, and that
the niobium-containing steel is superior to the vanadium-containing steel.

Conclusion

The results so far obtained on laboratory, pilot plant and industrial
scales, although limited in extent, are indicating that niobium truly repre-
sents a viable alternative to the more traditional strong carbide forming
elements. Niobium utilization in tool steels will probably expand in the
near future as more technical data generated from the on-going research work
become available.

Figure 8. Rolled (50 times reduction of area) and annealed
microstructure of the same steel as Figure 2(e),
showing the distribution of niobium carbides.
Lighter carbides, containing, mainly W, Mo and
Cr are also visable., Optical, micrograph, un-
etched X 100.
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LIFE (min)

COMPOSITION (%)
STEEL| 1 2 3
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Figure 10.

TURNING SPEED (m/min.)

Tool life in continuous turning of
high speed tool steels based on
Werkstoff No. 1.3207 (see text for

details of test).
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