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ABSTRACT

In this paper, we presents the results of investigations studied the cutting ability and
grindability of selected high-speed steels. We analysed the effect of the austenitiza-

tion temperature on the grain size, the amount of retained austenite and percentage of
retained austenite in HS3-1-1 steel. Furthermore, the investigations concerned on the
efficiency of the keyway broaches during the whole period of operation were carried
out. It was found that the value of average roughness parameter increases together
with increases in the grinding depth. The investigations also show the influence of
tempering conditions on the volume of carbide phases in HS3-1-1 steel.
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INTRODUCTION

The term “grindability” is defined as the ease
with which a material can be ground to a speci-
fication or to meet criteria when manufacturing
a finished product from raw material [2]. Loss
of cutting ability of abrasive tools or a change in
their original shape affects the quality of the sur-
face finish and dimensional accuracy of sharp-
ened tools. For this reason, abrasive tool wear is
the primary criterion of evaluation of the grind-
ability of the workpiece, which consequently
has a decisive influence on the lifespan of grind-
ing tools [9]. Loss of tool life under cutting is
caused by wheel burns on the surface of the tool
point, which are formed during tool sharpening.
High grinding temperatures facilitate the forma-
tion of an increased amount of retained austen-
ite on the surface layer of high-speed steel [7].
This reduces tool life under cutting. Therefore,
the possibility of the appearance of these defects
should be excluded by the choice of adequate
sharpening parameters.
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Currently, a large number of works is devot-
ed to the problems of forecasting tool life and
diagnostics of cutting process [8]. This is par-
ticularly important in the case of simultaneous
multiple tool cutting. In the multitooling process
the requirements of quality and reliability of
tools are especially signifficant [18]. It is em-
phasized that both the increase in the cost of tool
wear per unit of product and tool costs can range
from 3-5% of all costs necessary to manufacture
the product. However, so far the evaluation of
efficiency of tools operating remains a complex
and current issue.

There is an increase in requirements for cut-
ting materials which must provide high produc-
tivity and reliability of the cutting tool. Low-al-
loy high-speed steels (LAHSSs) are a subgroup
of high-speed steels with a content of %W +
1.5%Mo < 12%. Reductions in molybdenum
and tungsten levels which may be achieved by
increasing the nitrogen level of LAHSSs could
have significant technical and economic benefit.
In the development of LAHSSs the tendency to
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the total level of alloying components content
restriction is observed. The properties of LA-
HSSs correspond to normal productivity of typi-
cal high-speed steels [12].

The wear of tools is one of the most impor-
tant characteristics defining the accuracy of the
technological system of part machining [4, 14].
The prediction and control of wear is one of the
most essential problems emerging in the design of
cutting operations [11, 16]. The wear resistance
of the LAHSS tool material influences the tool’s
durability [6, 13].

The efficiency of tool operation depends on
the properties of the blade material, its construc-
tion and physical processes proceed in the contact
zone of the blade and the workpiece. To deter-
mine the area of application of tools made of any
grades of LAHSSs and the selection of optimum
values of cutting parameters, it is necessary to
study the effect of machining conditions on cut-
ting force and average roughness [5]. Further-
more, the effect of the austenitization temperature
on grain size, the amount of retained austenite
and percentage of retained austenite decided on
the durability of a tool. All the major material
properties such strength and hardness are known
to depend upon grain size and conditions of heat
treatment. Moreover, during processing grain size
plays a pivotal role in the development of even-
tual microstructure due to recrystallization, grain
growth and phase transformations [3]. Knowing
mentioned phenomena, we can determine the
basic causes of the tool wear depending on the
specific working conditions and suggest the most
effective ways to increase its durability. It is the
purpose of this paper to explore these phenomena.

CUTTING ABILITY AND GRINDABILITY
OF HS3-1-1 STEEL

In the case of cutting tools cutting ability is
determined primarily by such material properties
as hardness, strength and temperability. These

properties of the tool material at a relatively wide
range can be adjusted by suitable selection of
parameters of heat treatment. The optimum pa-
rameters of heat treatment ensure simultaneously
the highest hardness, strength and temperability
[3]. Determination of the optimal austenitization
temperature requires special attention, because it
regulates a number of important processes. First-
ly, the increase of the austenitization temperature
causes higher dissolution of secondary carbides
and also increases temperability, hardness and
strength of the material. Secondly, when material
is heated to too high temperature the excessive
growth of grain exists and residual austenite con-
tent increases. A small carbon content can influ-
ence the formation of ferrite or even partial melt-
ing of the grain boundaries.

It is known that steels with small amount of
alloying elements are exposed to overheating of
the material during the austenitization . The lack
of alloying elements can be partially filled up by
addition of titanium and niobium. The reduction
of steel hardness at of 2-4 HRC is associated
with the deterioration of ductility and strength,
and an increase in both the value of friction co-
efficient and abrasion resistance. Therefore, the
LAHSS should be used in a state of high hard-
ness, which is connected with the determination
of the optimum temperatures of austenitization
and tempering.

Austenitization temperature used for the
preparation of a high-quality tool should ensure:
e a grain size measured using Snyder-Graph

method not less than 10 pum,
e the bending strength should be 2500-3000 MPa,
e impact strength should be above 4¢10° J/m?,
e hardness of 63.5-64 HRC.

MATERIALS AND METHOD

The samples with dimensions of 6x6x65 mm
were made of low-alloy high-speed steels (Table
1). The heat treatment was carried out according

Table 1. Low-alloy high-speed steel grades: chemical constitution and hardness

Chemical constitution (wt%).
Steel grade Hardness (HRC)
C W Mo Cr V Si
HS3-3-3 64 1.00 2.98 2.83 427 2.30 -
HS2-5-2 64 0.99 1.67 4.79 3.78 1.15 -
HS3-1-1 63-68 1.11 3.35 1.15 4.65 1.75 2.05
HS6-5-2 64 0.82 5.55 513 427 2.06 -
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Fig. 1. Spline sleeve of Cardan shaft made of C45
steel (HB 255+310, module pitch M = 2,5, a number
of splines Z = 22)

Fig. 2. Geometry of the teeth of keyway broach

to recommendation by suitable standards. The
investigations were carried out on a flat-surface
grinder with a 95A24K disk-type grinding wheel
without cooling. The influence of the grinding
parameters was defined especially for the surface

roughness and a coefficient of grinding with a
large range of grinding parameters: v_= 20 m/s,
a = 0.005-0.035 mm, and v, = 2—6 m/min, with-
out cross-feed on the whole width of the sample.
After each study, the disk-type grinding wheel
was honed by diamond honing. The forces were
measured using a dynamometer, whereas the
roughness of the surface was measured using the
Surtronic 3+ profilograph. Grain size was evalu-
ated by Snyder-Graff method.

In the process of operation the keyway
broaches are subjected to repeated sharpening
and overhaul life of sharpened tools ranges from
75-85% of the total overhaul life of work broach.
Therefore, the investigations concerned on effi-
ciency of the keyway broaches during the whole
period of operation were carried out. The experi-
mental tests were performed during pull broach-
ing of the spline sleeve of the shaft (Fig. 1) made
of C45 steel.

On the basis of received results and their
analysis the graphs presented the effect of sharp-
ening of the tool face on the total and the aver-
age size of tooth wear VB at the same number
of machined parts were prepared. The required
quality of machined surface during machining of
the spline sleeve was obtained with an assumed
criterion of the keyway broach wear in the range
0f 0.3-0.4 mm. The general broach tool geometry
and the values of the geometrical parameters of
the broach teeth are shown in figure 2 and table
2, respectively.

RESULTS AND DISCUSSION

Effect of grinding depth

The results of the cutting forces P, and P_in
dependence on the depth of grinding and longi-
tudinal feed are shown in Figure 3. The value of

Table 2. Values of geometrical parameters of the teeth of keyway broach

No. of tooth z Sz, mm a,° f, mm t, mm t1, mm h, mm Outer diameter
D, mm

1+2 0.15 16 5 5

3+4 3

0.35

5+6

714 0.06 0.05 33.5
15 0.015 2 22 6 7
16 0.01

17+18 0.002 ]

19+25 0.002 0.1+0.6 38.1
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Fig. 3. Effect of grinding depth on the value of grind-
ing forces

the cutting force increases with increases in the
values of longitudinal feed and cutting depth. The
smallest value of cutting forces was registered
during grinding of HS2-5-2 and HS6-5-2 steels.
In contrast, the largest grinding forces were found
for HS3-3-3 and HS3-1-1 steels. The fact that the
cutting forces in grinding of HS3-1-1 steel are
greater than in the case of grinding of HS3-3-3
steel, although the former contains a lower vana-
dium content, can be explained by the higher con-
tent of carbon in the HS3-3-3 steel [15].

From the point of view of the quality of the
surface layer, to increase the efficiency of sharp-
ening, it is better to increase the lengthwise feed
than the grinding depth. Ultimate stresses on the
surface layer were not investigated. It is known
that their source is the temperature gradient on the
machined surface layer. It can be assumed that for
HS3-1-1 steel the level of stresses will be a little
higher than for HS6-5-2 steel. When the research
was completed and samples were checked, it was
determined that the level of ultimate stresses did
not lead to the formation of grinding cracks.

The research results confirm the higher pro-
pensity to structural modifications of HS3-1-1
steel during grinding. The surface roughness is
a very important parameter of machined surface
quality. The results of the measure of the Ra pa-
rameter are presented in figure 4. Ra parameter
value increases with increasing grinding depth
and lengthwise feed in each case. In the research,
the differences in surface finish do not have an
impact on the machinability of tools.

An increase in wear velocity with increasing
grinding depth is observed. This can be explained

1
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Fig. 4. Effect of the cutting depth on the average
roughness value

as an increase of damage during sharpening of
the surface layer of high-speed steel as a result of
the large amount of retained austenite. Studies on
the form of wear of grinding wheels [1] make it
clear that their wear is primarily dependent on the
properties of the workpiece, the abrasive used,
cutting forces, temperature, the length of the con-
tact zone, and the contact time.

EFFECT OF AUSTENITIZATION
TEMPERATURE

The grain size, secondary hardness and per-
centage of retained austenite in the steel HS3-1-1
increase (Table 3) with an increase of austenitiza-
tion temperature. Moreover, the percentage of re-
tained austenite increases greatly in the case of the
austenitization temperature of 1160°C and above
this temperature , and for the retained austenite
removal in heat treatment process there is a neces-
sity to increase the number of tempering process-
es. To avoid this, the austenitization temperature
should be limited to 1140°C. The presented data
also show that the austenitization temperature of
cutting tools cannot be 1080°C because the sec-
ondary hardness is then less than 63 HRC.

The effect of the austenitization temperature
on the impact resistance, the flexural strength and
hardness of HS3-1-1 steel is shown in table 4. It
can be concluded that the austenitization temper-
ature of 1180°C is too high due to too big grain
size and the temperature of 1080°C is too low, be-
cause the hardness after tempering for the 4 hours
at 630°C is only 50.5 HRC.
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Table 3. Hardness, grain size of retained austenite and the percentage of secondary austenite in HS3-1-1 steel
depending on the austenitization temperature

L Twofold tempering Threefold tempering
Austenitization Hardness_ after Grain size, 1h - 5500C 1h - 5500C
temperature T, hardening, - -

°c HRC pm Hardness, Retained auste- Hardness, Retained auste-
HRC nite, % HRC nite, %
1080 61 13 61 15 62 -
1100 61 13-12 62.3 16.5 62 -
1120 60 12-11 62 18 62.5 2
1140 59 11-10 63 19.5 63 4
1160 57 8 60 21 62 14.5
1180 53 8-7 55.3 30 61.5 21

Table 4. Effect of the austenitization temperature on the mechanical properties of HS3-1-1steel

Austenitization temperature Hardness after tempering Flexural strength R Impact resistance
Ta, °C (4h at 630°C), HRC MPa U, J/m?
1080 50.5 5580 4.6x10°
1100 50.5 3350 4.2x10°
1120 55.5 3020 4.0x10°
1140 56.5 2840 3.6x10°
1160 56.5 2650 3.2x10°
1180 57 2300 2.5x10°

The estimation of cutting ability of the tools
made of high-speed steel vs. the austenitic tem-
perature requires to consider how the cutting abil-
ity affects the technological properties of steel, of
which the most important is grindability. There-
fore it appears advisable to clarify the effect of
heat treatment parameters on the cutting ability
coefficient of the tested steel as also to determine
how the austenitizing temperature affects the mi-
crostructural changes in the material occurring
during the grinding. The properties of the work-
piece material largely depend on their chemi-
cal composition, the wear of the tool material
and the applied grinding parameters. To analyze
mentioned phenomena, an analysis of the phase
composition of the HS3-1-1 steel depending on
the heat treatment parameters and an analysis of
the chemical composition of the carbide isolates
were determined. Table 5 presents the results of
the effect of the austenitization temperature on
the grinding ratio of HS3-1-1 steel. The value of
this ratio is evaluated using the formula:

K= Qm/Py
where: O — the amount of material, which is

taken off in time unit,
P - inverted grinding force.

(1)

The value of the grinding coefficient over
an investigated range of the austenitization tem-
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peratures is almost constant. The value of the
grinding coefficient depends more on a number
of tempering than the austenitization tempera-
ture. After the third tempering the process of
dispersion hardening intensifies and more car-
bides release. Intensification of the release of
carbides results in decreasing the grinding ratio.
In the case of austenitization at a temperature
of 1160°C even after threefold tempering in the
steel microstructure retains of 20% of retained
austenite, and thus the value of grinding ratio re-
mains almost constant.

Table 6 presents the chemical composition
of selected elements in carbide isolates of HS3-
1-1 steel. The diffraction analyses confirmed that
M7C3 and M6C carbides dissolve during austen-
itization. This conclusion results from the fact

Table 5. Grinding ratio HS3-1- 1 steel vs. austenitiza-
tion temperature

Grinding ratio
Austenitization

temperature Ta, °C Twofold Threefold
tempering tempering

1080 4.49 3.64

1100 4.25 3.58

1120 4.16 3.62

1140 4.30 3.51

1160 4.09 3.96
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Table 6. The chemical composition of the carbide isolate of HS3-1-1 steel

Content of selected elements in isolate, % wt.
Heat treatment of isolate
Fe Mn Cr w Mo \% Si

Soft annealing 34.89 0.74 21.67 16.26 | 6.33 | 9.14 0.98
Austenitization at 1080°c 22.77 0.28 14.33 12.86 | 5.10 | 10.81 6.94
Austenitization at 1120°c 12.09 0.13 7.44 10.00 | 3.93 | 10.75 | 10.60
Austenitization at 1150°c 6.23 0.07 4.84 9.41 3.55 | 10.42 9.72
Austenitization at 1120°c and tempering at 550°c (2h) 16.00 0.23 10.48 14.65 | 571 | 10.70 6.08
Austenmzat_lon at 13903 ¢ and tempearing at 550°c (2h), 89.81 0.84 17.79 1313 | 5.75 | 10.46 1.02
and tempering at 550°c (4h)

that the Cr, Fe, W and Mo pass from the carbides
into the matrix [10].

Relatively little volume of vanadium passes
into the matrix, which indicates no dissolution of
the MC carbide in matrix. The investigations also
show the influence of tempering conditions on the
volume of carbide phases in HS3-1-1 steel. The
increase of the carbides content after tempering
proves the occurrence of separation and coarsen-
ing processes of carbides [17]. The percentage of
the silicon carbide increases with an increase of
the austenitization temperature, but during tem-
pering the percentage of silicon in carbides de-
creases to the content of silicon in carbides after
the annealing.

WEAR OF PULL BROACH

Based on the obtained data of pull broach wear
the figures presented the influence of the number
sharpening on the mean wear of teeth and mean
standard deviation for the rough teeth (fig. 5) and
keyway broach front pilot (fig. 6). The analyses
were carried out for the same number of parts ma-
chined. The results show that both value of wear
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v, b
il °
0.6 /B/ VB Ke)
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£05 (/@/0.2755
£
C
0.3 01753
Y 0, @
0.2 ;/ 5
0.1 0.075
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Sharpening number

0o 1 2

Fig. 5. Effect of a sharpening number on the mainte-
nance parameters of rough teeth of keyway broach

of broach teeth and the mean standard deviation
increase with an increase of the number of sharp-
ening. The coefficient of variance also increases
with an increase in the number of sharpening ,
what indicates the reduction of the operational re-
liability of the keyway broach.

CONCLUSIONS

Efficient selection of the chemical constitu-
tion makes it possible to improve the grinding
properties of low-alloy high-speed steels. Based
on the value of the grinding ratio, it can be con-
cluded that among the tested steels HS2-5-2 steel
has the highest grindability. This is due to the low
content of vanadium carbides in this steel. The
value of the grinding ratio depends on grinding
forces, whose values have an impact on the grind-
ing temperature and consequently tool wear.

The value of austenitization temperature de-
cided on mechanical properties of the high-speed
steel. It can be concluded that the austenitization
temperature of HS3-1-lequal to 1180°C is too
high due to too big grain size and the temparature
of 1080°C is too low, because the hardness after

o
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3
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o
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o
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Sharpening number

Fig. 6. Effect of a sharpening number
on the maintenance parameters of teeth
of keyway broach front pilot
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tempering for the 4 hours at 630°C is only 50.5
HRC. The grain size, secondary hardness and
percentage of retained austenite in the steel HS3-
1-1 increase with the increase of austenitization
temperature. Furthermore, the investigations also
show the influence of tempering conditions on the
volume of carbide phases in HS3-1-1 steel.
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