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Abstract. The paper presents the results of investigations of the 5% cobalt and 2%
molybdenum additions in the W-Mo-V and W-V high-speed steels of the 9-2-2, 11-2-2 and 11-
0-2 types with economically designed chemical composition on the wear mechanism during
cutting and erosion tests. The 5% cobalt addition results in increasing the secondary
hardness effect by 1.6 to 1.9 HRC, depending on a steel grade. Secondary hardness effect is
caused by the dispersive carbides of the M4C3 type and martensite transformation of the
retained austenite. The maximum secondary hardness effect about 66.3-67.6 HRC, depending
on a grade of steel, occurs in each steel after tempering at 540oC and austenitizing at 1240oC.
The 5% cobalt addition results in enhancing the working properties of tools, longer tool life
and makes it possible to increase cutting speed by about 50%, compared with the steels of
identical concentration of other alloying elements but without cobalt addition. Cobalt does
not have any significant influence on erosion resistance, which is independent of the steel
hardness but depends on molybdenum addition in steel.

Keywords: high-speed steels, cobalt, molybdenum, secondary hardness effect, precipitation
strengthening effect, cutting ability, erosion resistance.

1. INTRODUCTION

High-speed steels are still one of the main materials nowadays used for production of
tools for machining as well as for cold working [1,12,13,18,19]. In spite of a rapid development
of contemporary tool materials such as sintered carbides, special ceramic materials or extremely

a - Holder of a fellowship of the Foundation for Polish Science



hard materials, high-speed steels are still commonly used, owing to their satisfactory hardness,
ductility and good machinability in soft-annealed state [12,13,18]. Due to powder metallurgy
processes and development of the PVD coating techniques life expectancy of products made
from high-speed steels has been extended by far, which makes the high-speed steels current
complimentary tool material [10,11-13]. Limiting the content of expensive or not easily available
elements such as W, Mo, V, Co, and their possible substitution by cheaper and more easily
available ones e.g., Si, Ti, Nb was sparked by the worldwide crisis of the eighties in the market
of alloying elements [12,13]. Cobalt, as the alloying element, is usually used in high-speed steels
in concentration up to 13%, depending on tool type. It is known, based on the information
available in literature, that in high-speed steels, cobalt addition in concentration over 5% but
below 8% is economically unjustified since the obtained results are out of proportion to the
expenses [15-17,20]. Hence the increase of cobalt concentration in high-speed steels, leads to
hardness extension. The increase of the secondary hardness effect of steel has the direct
connection with enhancing working properties of tools which were made of cobalt steels,
expanding wear resistance while working at high temperatures and decreasing impact resistance
which is also in relation to strong tendency to chipping of the main cutting edge during
machining. The decrease of impact resistance is extremely evident with increasing cobalt
concentration from 5 to 8%, which is probably caused by reduction of the volume fraction of the
retained austenite (because of the increasing cobalt concentration in steel) and by tendency to
destabilization of this structural constituent [12,13]. Taking in to account that cobalt is regarded
as a considerably expensive alloying element, and in high-speed steels including from 8 to 10%
Co, its price can reach 50% of the costs of the all alloying elements, it was useful to investigate
the possibilities of limiting the concentration of this addition in the investigated high-speed steels
to approximately 5%, compared to current grades of steels.

The goal of this paper is the investigation of influence of the chemical composition in the
W-Mo-V and W-V of the 9-2-2, 11-2-2, and 11-0-2 high-speed steels with or without 5%
addition on the wear during cutting and erosion tests.

Table 1. Chemical composition of investigated high-speed steels

Average composition, wt %Steel type Designation
C Mn Si Cr W Mo V Co

9-2-2-5 SW9M2K5S 0.95 9.0

11-2-2-5 SW11M2K5S 1.05
2.0

11-0-2-5 SW11K5S 11.0
0.0

5.0

9-2-2 SW9M2S
0.95

9.0

11-2-2 SW11M2S 1.05
2.0

11-0-2 SW11S 0.95

0.4 0.7 4.5

11.0
0.0

1.8

0.0

<0.02% P, <0.02% S

2. EXPERIMENTAL PROCEDURE

The investigations were carried out using specimens of the experimental high-speed
steels: W-Mo-V-Co and W-V-Co of the 9-2-2-5, 11-2-2-5, and 11-0-2-5 types. The relevant
chemical compositions are included in table 1.



Heat treatment of the specimens made from
forged and soft-annealed bars was carried out
in a battery of salt bath furnaces. The
specimens were heated up to the austenitizing
temperature in two stages, during 15 minutes
at about 560oC and 850oC. The austenitizing
was made at temperatures from 1120 to
1300oC, with gradation every 30oC within 50,
100, 200, 400 and 800 seconds. The
specimens were quenched gradually with a 5-
minute cooling in a salt bath at 560oC and then
in the air, up to the ambient temperature. The
specimens allocated for the measurement of
primary austenite grain size were investigated
in as-quenched state. The samples for structure
and hardness investigations were once
tempered for 2 hours at 480-600oC with
gradation every 30oC. The structure
examinations were carried follows
methodology presented in paper [7,9].

The cutting ability tests were carried
out on an ES1 45 kW power experimental
lathe. The machined material was, according
to ISO 3685, the C45E4 type of steel, which
had already been quenched and tempered.
Cutting inserts were made from investigated
high-speed steels heat treated in conditions
secured the maximum secondary hardness
effect, e.g., austenitized from 1240oC during
100 s and tempered from 540oC. Tool life was
estimated basing on measurements of the
width of the flank wear of the tool. They were
made by measuring the average flank wear VB
and the maximum VBmax after machining for
the allocated time. Machining tests were being
stopped when VB exceeded the value speciated
for the roughing test, i.e., VBk= 0.2 mm. The
VB and VBmax measurements were taken with
0.01 mm accuracy, using the Carl Zeiss Jena
5226 microscope at 7x magnifying power.

The examinations of the erosion
resistance of the investigated high-speed steels

were performed with the Falex Air Jet Eroder of Falex Company. In this device the investigated
specimen was set up at an angle of 20o to the jet and exposed to Al2O3 powder erosion agent with
granularity of 70 µm and exhaust pressure of about 270 kPa. In order to estimate the erosive
wear, a precise laboratory balance at measuring accuracy of 10-5 g was used to measure the mass
decrement every 6 seconds. The results of investigations were evaluated and tabulated using the
available computer software.

250 nm

a)

b)

c)

Figure 1 - Structure of 11-2-2-5 cobalt high-
speed steel quenched at 1240oC and tempered

at 540oC, a) thin foil, bright field, b)
diffraction pattern of area shown in a), c)

solution for pattern shown in b).



3. DISCUSSION OF THE RESULTS

As a result of the structure investigations it was found that there are no significant
changes in structure of the investigated steels caused by the 5% cobalt and 2% molybdenum
additions compared to steels without these additions. It was found out that structure of the all
investigated steels, both cobalt and non-cobalt ones, there is the dislocated martensite, partially

Figure 2 - Hardness of investigated cobalt and non-cobalt high-speed steels of the 9-2-2-5 and
9-2-2 types austenitized from 1120 to 1240oC and tempered from 480 to 570oC.

11-2-2-5
11-2-2

Figure 3 - Tool wear characteristic for the cobalt high-speed steel of the 11-0-2-5 type.

Wear parameters
VB, mm VBmax, mm KM, mm t, min

0.05 0.23 0.38 2
Turning parameters

Vc, m/min f, mm/obr ap, mm t, min
30 0.1 1.0 2

Wear parameters
VB, mm VBmax, mm KM, mm t, min

0.21 1.40 0.47 46
Turning parameters

Vc, m/min f, mm/obr ap, mm t, min
30 0.1 1.0 46

0.2 mm
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twinned with the retained austenite and primary carbides of M6C and MC types [7,9,20]. The
retained austenite, similarly to other high-speed steels, fills areas between and it occurs in a form
of thin layers between adjacent lathes of martensite (Fig. 1).

Hardness of the investigated steels in the as-quenched state is differentiated depending
on the strengthening of the solid solution by cobalt, tungsten and molybdenum in steels with
these additions and in each case by the precipitation strengthening of the austenite matrix by
M4C3 carbides (Fig.1) and by martensite transformation of the retained austenite [1,2-

Figure 5 - Excessive tool wear characteristic for the non-cobalt high-speed steel
 of the 9-2-2 type.

Wear parameters

VB, mm VBmax, mm KM, mm t, min

0.21 0.37 0.57 0.5

Turning parameters

Vc, m/min f, mm/obr ap, mm t, min

30 0.1 1.0 0.50.2 mm
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Figure 4 - Flank wear (VB) as a function of cutting time (t) for investigated cobalt high-
speed steels.

Figure 6 - Flank wear (VB) as a function of cutting time (t) for non-cobalt high-speed steels.



14,19,22]. The increased hardness of investigated quenched and tempered cobalt steels,
compared to equivalent grades without this element, is also caused by the strengthening of the
solid solution by Co and, as it was proved before, by W and Mo [21]. This phenomenon is
caused by presence of atoms of these substitutional elements in the solid solution, where they
enable the axi-symmetrical strain of atomic lattice, develop stress fields around these atoms
and limit the shifting of dislocation in material structure. The investigated high-speed steels of
9-2-2-5, 11-2-2-5, and 11-0-2-5 types show that the maximum secondary hardness effect is by
2-4 HRC higher than the hardness of these steels in the as-quenched state after austenitizing at
1240oC for 100 s, after quenching and tempering at 540oC. Cobalt influences the increase of
the secondary hardness effect of quenched and tempered high - speed steels, adequately for 9-
2-2-5 type by about 1.6 HRC, for 11-2-2-5 type by about 1.9 HRC and for 11-0-2-5 by about
1.7 HRC, compared to non-cobalt steels with identical concentration of the other alloying
elements (Fig. 2).

In order to find out the relation between hardness of investigated steels and working
properties of tools made of these steels, the single point turning tests were carried out. Under
identical turning parameters, within a given group of high-speed steels, one could specify
cutting ability of the multipoint cutting tools made of the investigated steels, which were heat
treated in conditions providing the maximum secondary hardness. As a result of performed
investigations, it was found out that cobalt addition up to 5% makes it possible to machine at
speed vc = 30 m/min, at rate of feed f = 0.1 mm/rev. and at depth of cut ap = 1.0 mm for 50-60
min, depending on a grade of steel. The longest tool life of the cutting tool demonstrates the
steel of the 9-2-2-5 type, whose flank wear on a tool VBk = 0.2 mm was exceeded after about
62 min, and the shortest – the steel of 11-0-2-5 type, whose VBk = 0.2 mm was exceeded after
about 50 min (Fig. 3,4). In case of machining cutting inserts made of non-cobalt high-speed
steels it was found out that cutting speed vc = 30 m/min at rate of feed f = 0.1 mm/rev. and at
depth of cut ap =1.0 mm, causes the criterion cutting edge wear VBk = 0.2 mm after the very
short working time (Fig. 5); therefore the speed is too high, which causes the reduction of
cutting speed for these tests to vc = 20 m/min, at unchanged rate of feed f and depth of cut ap.



Under these parameters of machining it was maintained that the longest tool life is
granted by the steels of 9-2-2 type, whose critical width of flank wear on a tool VBk = 0,2 mm
is exceeded after approximately 62 min. The shortest tool life is produced by the steel of 11-0-
2 type, whose flank wear on a tool reaches the criterion rate after approximately 50 min (Fig.
6,7). It was also found out that of all the examined molybdenum high-speed steels, the W-Mo-
V-Co and W-Mo-V steels of 9-2-2-5, 11-2-2-5 types, and correspondingly 9-2-2 and 11-2-2
steel types have a longer tool life of cutting edge than non-molybdenum W-V-Co steels of 11-

Figure 7 - Tool wear characteristic for the non-cobalt high-speed steel of the 9-2-2 type.

Wear parameters
VB, mm VBmax, mm KM, mm t, min

0.06 0.09 0.34 20
Turning parameters

Vc, m/min f, mm/obr ap, mm t, min
20 0.1 1.0 20

Wear parameters
VB, mm VBmax, mm KM, mm t, min

0.21 0.26 0.53 62
Turning parameters

Vc, m/min f, mm/obr ap, mm t, min
20 0.1 1.0 62

0.2 mm

Figure 8 - Mass loss during erosion test as a
function of experimental time for

investigated cobalt high-speed steels.

Figure 9 - Mass loss during erosion test as a
function of experimental time for

investigated non-cobalt high-speed steels.
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0-2-5 type and W-V steels of 11-0-2 type. This data conforms well with the results of
hardness tests, as molybdenum W-Mo-V-Co steels of 9-2-2-5 and 11-2-2-5 types show
hardness of approximately 67.6 and 67.2 HRC, and non-molybdenum W-V-Co steels of 11-0-
2-5 type – lower, i.e., approximately 66.3 HRC. Similar analogies take place in case of non-
cobalt steels – hardness of W-Mo-V steel of 9-2-2 and 11-2-2 types is relatively
approximately 66 and 65.3 HRC, and hardness of W-V steels of 11-0-2 is 64.6 HRC. Lower
hardness, typical of steels without 2% molybdenum addition, is probably connected with
lower strengthening of the solid solution compared to molybdenum steels. Moreover, a
characteristic of non-molybdenum steels, is lower volume fraction of primary carbides than in
steels with this addition. The comparison of results of hardness measurements and of cutting
ability tests makes it possible to claim that the increase of tool life of the investigated
machining inserts, caused by 5% cobalt addition, is directly related to the increase of steel
hardness. Basing on the hardness tests results of one can determine the ranking of working
properties of tools made of these steels [7,20]. The comparison of the results of erosion
resistance of investigated cobalt and non-cobalt high-speed steels shows that cobalt addition,
however, does not affect erosion resistance, which is not dependent of hardness of
investigated steels after heat treatment, either. Presumably, almost identical erosion resistance
of all the investigated steels (Fig. 8,9,10) may depend on fraction of primary carbides and
their morphology. It is noteworthy that the lowest erosion resistance was observed in the non-
molybdenum steels, both with and without cobalt addition. Molybdenum is an element which
participates in producing primary carbides of MC type and its concentration in them is from 2
to 10% in cobalt steels and from 4 to 5% in non-cobalt steels [7,20]. Cobalt introduced in to
the investigated steels can increase their fraction in the matrix. These carbides of higher
hardness, approximately 3000 HV0.02 compared to carbides of the M6C type of hardness
approximately 1500 HV0.02 can decide the higher erosion resistance, which is characteristic
of molybdenum steels, both with and without cobalt addition [7,20].

4. CONCLUSIONS

After carrying out investigations of W-Mo-V-Co and W-V-Co high-speed steels of the 9-
2-2-5, 11-2-2-5, and 11-0-2-5 types with economically designed chemical composition,
including decreased to 9-11% concentration of tungsten, decreased to approximately 2%
concentration of molybdenum and increased to approximately 1% concentration of silicon, it

11-2-2

50µm

11-0-2

63,9µm

a) b)

Figure 10 - Erosion craters after erosion test performed for investigated non-cobalt high-speed
steels: a) non-molybdenum 11-0-2 type (crater depth - 63,9µm), b) molybdenum 11-2-2 type

(crater depth - 50µm).



was found out that cobalt causes an increase of the maximum secondary hardness effect by 2-
4 HRC after tempering the investigated steels at 540o C and previous austenitizing at 1240oC
for 100 s, compared to hardness of the investigated steels in the as-quenched state. The
maximum hardness, approximately 67.6 and 67.2 HRC, after quenching and tempering is
reached by the 9-2-2-5 and 11-2-2-5 types of steel, the minimum hardness, approximately
66.3 HRC, by the 11-0-2-5 type of steel. The reason for the secondary hardness effect of the
investigated both cobalt and non-cobalt high-speed steels is precipitation of M4C3 dispersion
carbides in the matrix of the tempered martensite and transformation of the retained austenite
into α phase, hardened by cobalt, tungsten and molybdenum in steels, in which this alloying
element is present. Changes of the chemical composition do not affect structure of the
investigated high-speed steels compared to non-cobalt and non-molybdenum steels. In all the
cases in the as-quenched state the structure is a dislocation martensite with numerous
twinnings as well as with the retained austenite and primary carbides of the MC and the M6C
types. The 5% cobalt addition results in possibility of a 1.5 times increase of cutting speed of
tools made of cobalt steels, compared to the tools made of steels without this addition at the
same life wear of the edge. Nevertheless, 5% cobalt addition does not influence the erosion
resistance of the investigated cobalt steels, which does not depend on the increase of hardness
caused by cobalt addition compared to non-cobalt steels with identical concentration of the
other alloying elements. Although it is easy to perform erosion tests, they can not be used to
estimate the efficiency of influence of the chemical composition of heat-treated high-speed
steels on their cutting properties since, as it was discovered, there is no correlation between
the results of these tests and of the cutting ones.
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