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Abstract. This paper looks at ways to improve the characteristics of rapid steels. The authors try to understand how the 
microstructure changes during aerothermoacoustic treatment in comparison with conventional heat treatment techniques 
and what  changes  are  typical  of  rapid  steels  under  the  aforementioned treatment.  The  main  result  of  this  work  is  an  
understanding of how different aerothermoacoustic treatment regimes influence the behavior of rapid steels. It was 
established that aerothermoacoustic treatment can be used to enhance the strength characteristics of rapid steels. A 
qualimetric analysis was carried out to estimate the effect of aerothermoacoustic processing on the characteristics of 
tool steels. 
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Introduction   
Among the many hardening methods, it is prom-

ising to use the ability to control the characteristics 
of metals and alloys (hardness, wear resistance, duc-
tility, cold resistance and corrosion resistance) by 
means of their structural and phase changes, which 
are realized in metals under the influence of power-
ful acoustic fields. Aerothermoacoustic treatment 
(ATAT) [1-3] is one of the combined means of in-
fluence on materials.  When it  is  carried out,  the ef-
fect of temperature and acoustic fields is realized in 
order to form the material properties in the desired 
direction both in the entire volume (the depth of the 
hardened layer is determined by the hardenability of 
the steel) and in the surface layer. 

The present work is devoted to the experimental 
study of the microstructure of rapid steels after aero-
thermoacoustic treatment in combination with 
standard heat treatment (SHT) in various combina-
tions and to elucidate the physical mechanisms that 
cause changes in mechanical and structural charac-
teristics that determine the indices of durability and 
strength.  

Materials and experimental technique 
Materials for the study were: rapid steel grade 

R6M5 and American rapid steel grades HCV and 
HS.  These materials were metallographically exam-
ined after aerothermoacoustic treatment and for 
comparison after standard heat treatment. 

Studies of the microstructure were carried out on 
an optical microscope Neophot-32 on metallograph-
ic sections after chemical etching.  

The microhardness was determined by the Vick-
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ers method on the PMT-3 device at a load of 100 g. 
To study the change in the structure of rapid steel 
grade R6M5 from the surface to the center, the pan-
oramas of the change in microhardness from the 
surface of the section to the middle were taken.  

Results and discussion 
The microstructure of the R6M5 steel drills in 

the initial state – after the standard heat treatment 
(SHT) consists of light carbides and dark grains of 
tempered martensite. The structure of the drill made 
from the same material after aerothermoacoustic 
treatment and after work as a cutting tool is not sig-
nificantly different. The results of the quantitative 
characteristics of the structure in the initial and pro-
cessed states are given in Table 1. 

As can be seen, as a result of aerothermoacous-
tic processing, the grain size decreases and the car-
bides are crushed both small and large. In addition, 
carbides are distributed more evenly in the treated 
material.  The increase in microhardness in the ma-
terial after ATAT in comparison with the initial one 
(Table 1) is related to the homogenization of the 
structure. The table shows average values of micro-
hardness measurements (НVaverage), as well as mini-
mum (НVmin) and maximum (НVmax) for the esti-
mating the spread of microhardness values. Since 
the diameter of indentation was 12–13  μm,  and  the  
size of the carbide phase and grains of the α-solid 
solution is much smaller (from 2 to 7 μm), the mi-
crohardness is an integral one, characterizing the 
microhardness of both these phases and the uni-
formity of carbide distribution in the solid solution. 
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Table 1 
Results of quantitative characteristics of the structure of 

steel R6M5 

Material 
Grain 
size, 
µm 

Carbide 
size, µm НVaverage, 

MPa 
НVmin, 
MPa 

НVmax, 
MPa small large 

R6M5 
(SHT) 6,30 2,65 7,67 739 642 824 

R6M5 
(ATAT) 5,67 2,05 7,47 860 642 1097 

 
To control the quality of drills of different 

lengths and diameters, the microhardness of the ini-
tial  (after  SHT)  and  the  drills  after  ATAT  was  
measured. The results of measuring eight drills are 
given in Table 2.  

Table 2 
Results of measuring the microhardness of drills 

№ Drill size Treat
ment 

НVmin, 
MPa 

НVaverage, 
MPa 

НVmax, 
MPa 

1 Ø3mm l 
=135mm 

SHT 572 824 1097 

2 ATAT 824 1097 1288 

3 Ø7mm l 
=135mm 

SHT 624 824 1288 

4 ATAT 824 946 1288 

5 Ø3,5mm 
l=70mm 

SHT 642 946 1097 

6 ATAT 946 1097 1288 

7 Ø5mm l 
=135mm 

SHT 572 724 1097 

8 ATAT 724 946 1288 
 
According  to  the  results  it  can  be  seen  that  the  

microhardness of the drills after aerothermoacoustic 
processing is much higher than the similar values 
after SHT. 

After  SHT,  28  holes  were  drilled,  and  after  the  
ATAO - 192 holes. The structure of Ø3,6 mm drills 
was examined after testing at the Sestroretsk In-
strument Factory. Table 3 shows the characteristics 
of the structure in the surface layer and in the center 
of rapid steel drills. 

It can be seen that in the treated drill in the sur-
face layer the size of the large carbides is somewhat 
smaller than in the center, and the smaller is slightly 
larger, i.e. the averaging of carbides in the surface 
occurred, the grain size remained practically un-
changed; In the initial state, the structure is almost 
identical on the surface and in the center. 

Thus,  in  the  surface  layer  of  the  material,  after  
the treatment, the structure is aligned. Homogeniza-
tion leads to a higher complex of mechanical prop-
erties of the material.  

Table 3 
Characteristics of the structure in the surface layer  

and in the center of high-speed steel drills 

Material 
Grain 
size, 
µm 

Carbide 
size, µm НVaverage, 

MPa 
НVmin, 
MPa 

НVmax, 
MPa small large 

R6M5 
(SHT-

surface) 
6,40 2,73 7,60 680 642 724 

R6M5 
(ATAT-
surface) 

5,80 2,33 7,13 640 572 724 

R6M5 
(SHT-
base 

metal) 

6,53 2,60 7,60 743 572 946 

R6M5 
(ATAT-

base 
metal 

5,60 1,87 7,27 799 642 946 

 
Since the processing temperature does not ex-

ceed the temperature of the phase transformations, 
these structural changes can result from a change in 
the concentration of point defects, the formation of 
new dislocations and microdefects of packing by 
their interaction and redistribution, as well as the 
result of redistribution of the elements dissolved in 
the solid phase, which can be caused by thermal dif-
fusion at multiple heating and cooling. 

A factor that increases the characteristics of 
steels can be a thermo-hardening, because when 
heated and cooled, structural components, having 
different physical properties (heat capacity, thermal 
conductivity, coefficient of thermal expansion) and 
strength, experience internal microplastic defor-
mation, which can also cause internal stress.  

The structure of the R6M5 steel drills in the 
transverse and longitudinal sections is practically 
the same. The structure of American drills also rep-
resents tempered martensite and carbides. Drills of 
steel grade HCV in the longitudinal and cross sec-
tions have the same structure, and of steel HS - dif-
ferent.  

In the HS steel, in the longitudinal section 
(Fig. 1-1), the carbide banding is visible.  

These accumulations of carbides cause a lower 
microhardness (Table 4). In addition, this steel has a 
rather large amount of residual austenite, which can 
also explain the low microhardness for rapid steel. 

The diagram of the change in microhardness 
from  the  surface  to  the  center  of  the  section  after  
standard and aerothermoacoustic processing is 
shown in Fig. 2. 
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Fig. 1. Structure of US rapid steel HS after standard processing, along (1) and across (2, 3) textures 
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Fig. 2. Graph of the change in microhardness from the surface to the center 
of the section after SHT and ATAT 

It can be seen that the microhardness in the sur-
face layer of 100-150 μm from the edge of the drill 
in  the  material  after  the  ATAT  is  lower  than  after  
the SHT. With further distance from the surface, the 
character of the change in microhardness in the ini-
tial  and  processed  drills  is  the  same.  Closer  to  the  
middle - the microhardness of the drill after ATAT 
is higher than after the SHT. 

Table 4 
Comparison of the microhardness of rapid steel grades 

HCV and HS 

Material НVaverage, 
MPa 

НVmin, 
MPa 

НVmax, 
MPa 

Steel НСV 1019 824 1238 
Steel НS 580 420 824 

The initial drill (after SHT) was drilled 28 holes, 
and after aerothermoacoustic processing - 192 holes. 
Thus, the drills made of rapid steel after aerother-
moacoustic processing are approximately 6.8 times 
stronger and more productive than similar drills af-
ter standard processing. 

From the obtained data it can be concluded that 
the technology of aerothermoacoustic processing of 
tool steels shows a significant improvement in the 
strength properties of the drills being studied, and 
has undeniable advantages over standard processing 
methods. 

Thus, the effect of processing on tool steel is 
manifested in a change in the quantitative character-
istics of the structure - a more uniform distribution 
of carbides, grinding them and grain, i.e. in the ho-
mogenization of the structure. Practically in all cas-
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es  in  tool  steels  after  ATAT,  an  increase  in  micro-
hardness from 10 to 33 percent is observed, with 
respect to SHT. Also, a homogenization of the struc-
ture is observed - grinding of carbides and austenite 
grain after this type of processing.  

Qualimetric estimation of rapid steels processed 
by aerothermoacoustic method  

1. Desirability function 
The evaluation of the quality characteristics of 

billets treated with the aerothermoacoustic method, 
in comparison with the quality characteristics of 
billets obtained by standard methods of processing, 
is possible by means of the desirability function [4]. 

Desirability indicators are dimensionless nondis-
crete quality characteristics that vary from zero to one 
in any range of dimensional quality indicators xi. 

The basis for constructing a generalized function 
is the idea of transformation the natural values of 
particular parameters into a dimensionless desirabil-
ity scale. The desirability parameters q are calculat-
ed using the auxiliary parameters y (particular opti-
mization parameters) according to the following 
formula:  

1

11exp
y

q y
e

é ù-= =ê úë û
 – для 0<y<∞    (1) 

Dimension values хi of natural quality indicators 
are recalculated into dimensionless auxiliary param-
eters y  by the formula:  

y = a0 + a1xi   (2) 

As indicators of the quality of the blanks, the 
microhardness and the size of the carbides were se-
lected. The initial information for constructing the 
nomogram of desirability is given in Table 5.  

Table 5 
Data for determining the dimensional desirability 

parameters, xi 

№ Type of treat-
ment 

Quality characteristics 
microhardness 

HV 
size of car-
bides, µm 

1 SHT 739 7,67 
2 ATAT 860 7,47 

3 GOST 
the best 836 (63 HRC) 15,00 
minimal 777 (62 HRC) 100,00 

 
To transfer the values of microhardness to a di-

mensionless scale, the following system of equa-
tions was solved: 

0 14,5 836а а= +          0 44,824а = -  

0 11,0 777а а= +           1 0,059а =  

Thus, substituting the actual data (microhard-
ness according to Vickers 762 HV and 860 HV in 
equations (1) and (2), it turns out:  

y = a0 + a1xi = - 44,824 + 0,059·739 = 0,134; 

1 1
0,134q ехр ехрy

é ù é ù- -= = =ê úê ú ë ûë û
0,0006. 

y = a0 + a1xi = - 44,824 + 0,059·860 = 5,916; 

1 1 0,8445,916q ехр ехрy
é ù é ù- -= = =ê úê ú ë ûë û

. 

Similarly, the values of the desirability indices 
and the corresponding dimensionless auxiliary pa-
rameters for the size of the carbides are found.  

The quality grades are selected in accordance 
with the data in Table 6. 

Table 6 
The values of the desirability indicators q and the 

corresponding dimensionless auxiliary indicators y 

Gradation  
of quality 

Index 
 desirability q 

Auxiliary 
 index у 

«Excellent» > 0,9 > 10 
«Splendid» ≥0,80 ≥4,50 

«Good» ≥0,63 ≥2,18 
«Satisfactorily» ≥0,37 ≥1,00 

«Bad» <0,37 <1,00 
 
The calculated data for the construction of nom-

ograms of desirability are given in Table 7. 

Table 7 
Values of desirability indicators and corresponding 

dimensionless auxiliary indicators 

№ Evaluation of changes in quality indicators 
Microhardness HV The size of carbides 

 у q у q 
1 0,134 0,0006 39,23 0,97 
2 5,916 0,844 38,168 0,97 
 
The nomogram of desirability for the considered 

quality indicators is shown in Fig. 3. 
When analyzing the nomogram of desirability, 

the following conclusions can be drawn: 
– microhardness of a drill made of rapid steel R6M5 
after aerothermoacoustic treatment corresponds to 
the level of desirability «excellent», and the size of 
carbides of this sample is «excellent»; 
– while the microhardness of drills obtained after 
standard processing corresponds to the level of de-
sirability «bad», but the size of carbides corresponds 
to the level of «excellent»  
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Fig. 3. Nomogram of the desirability index 

2. Cobweb of quality 
Of the characteristics revealed in the metallo-

graphic study and the study of strength properties, it 
is possible to form a comparison table for these val-
ues. A comparison of the microhardness of 8 samples 
after SHT and ATAT is given in Table 2. A compari-
son of the structure characteristics in the surface layer 
and the center of the drill made of steel R6M5 is giv-
en in Table 3. Based on them, it is possible to build a 
cobweb of quality and compare the obtained charac-
teristics using the differential method. 

Table 8 
Relative parameters of microhardness 

№ Drill size Treatment Relative parameters 
of microhardness 

1 Ø3mm l =135 
mm 

SHT 1 
2 ATAT 1,33 
3 Ø7мм l =135 

мм 
SHT 1 

4 ATAT 1,15 
5 Ø3,5мм l=70 

мм 
SHT 1 

6 ATAT 1,16 
7 Ø5 мм l 

=135мм 
SHT 1 

8 ATAT 1,31 
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Table 9 
Relative indicators of the quality of R6M5 steel 

in the surface layer 

Material Grinding 
of grain 

Crushing of 
carbides 

Micro-
hardness 

Carbide het-
erogeneity 

SHT 
surface 1 1 1 1 (no) 

ATAO 
Surface 1,1 1,1 0,94 1 (no) 

Table 10 
Relative indicators of the quality of R6M5 steel 

in the center of the drill 

Material Grinding 
of grain 

Crushing  
of carbides 

Micro-
hardness 

Carbide het-
erogeneity 

SHT 
center 1 1 1 1 (no) 

ATAT 
center 1,17 1,05 1,1 1 (no) 

 
From the cobweb (Figure 4) it is clear that the 

area of the polygon occupied by the standard type of 
processing is much smaller than the area of the pol-
ygon occupied by the aerothermoacoustic type of 
processing, which indicates an improvement in the 
quality of drills of different diameters and lengths in 
the transition to ATAT. Similarly, it is possible to 
build quality cobwebs for microstructural character-
istics in the surface and center of the drill. The ob-
tained data showed that both in the surface layer and 
in the center of the drill, grinding of large and small 
carbides and austenite grains occurs in steels after 
ATAT. 

From the constructed quality cobweb it is seen 
that the ATAT occupies a stronger position than the 
SHT in the center of the drill for such parameters of 
quality as grinding of carbides, grain refinement, 
increase in microhardness, which confirms the ex-
pediency of this treatment for hardening of tool 
steels. 

From the constructed quality cobweb, one can 
conclude that the aerothermoacoustic treatment has 
a positive effect on the increase in the quality char-
acteristics of tool steels. In almost all cases, in these 
steels after ATAT, an increase in the microhardness 
from 10 to 33 percent is observed, with respect to 
SHT. Also, a homogenization of the structure is ob-
served - grinding of carbides and austenite grain 
after ATAT processing. 

Conclusion 
During this investigation peculiarity of tool 

steels microstructure formation during the realiza-

tion of different regimes of aerothermoacoustic 
treatment combined with conventional heat treat-
ment regimes in different combinations and varia-
tions of mechanical properties and performance 
characteristics determining indicators durability and 
strength were studied.  

1. The effect of aerothermoacoustic treatment on 
the structure of the materials under study was re-
vealed. It was found that homogenization of the 
structure is observed during the processing. In a 
number of cases (tool steel R6M5), grinding of 
grain and reduction in the size of carbides are ob-
served. 

2. Rapid steel drill after aerothermoacoustic 
treatment is approximately 6.8 times stronger and 
more productive than similar drills after standard 
processing.  

 
Fig. 4. Cobweb of comparison of microhardness 

of 8 drills after SRT and ATAO 

3.  In  almost  all  cases,  in  these  steels  after  
ATAT, an increase in the microhardness from 10 to 
33 percent is observed, with respect to SHT. Also, a 
homogenization of the structure is observed – 
grinding of carbides and austenite grain after this 
type of processing. 

Thus, ATAT technologies provide a significant 
increase in the strength characteristics of tool steels 
in comparison with traditional methods of heat 
treatment. Application of aerothermoacoustic 
processing technology makes it possible to 
effectively realize the reserves of durability of the 
cutting tool. Consequently, it can be used in tool 
production to increase the strength characteristics of 
high-speed steels. 
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 ИНФОРМАЦИЯ О СТАТЬЕ НА РУССКОМ ЯЗЫКЕ 

УДК 621.78 https://doi.org/10.18503/1995-2732-2018-16-4-50-56 

ВЛИЯНИЕ АЭРОТЕРМОАКУСТИЧЕСКОЙ ОБРАБОТКИ 
НА ХАРАКТЕРИСТИКИ БЫСТРОРЕЖУЩИХ СТАЛЕЙ 

Атрошенко С.A. 
Институт проблем машиноведения РАН, г. Санкт-Петербург, Россия 

Аннотация. Работа посвящена повышению эксплуа-
тационных характеристик быстрорежущих сталей. 
Объектом исследования является изменение микро-
структуры в процессе аэротермоакустической обра-
ботки при сравнении со стандартными видами терми-
ческой обработки и изменение при этом характери-
стик быстрорежущих сталей. Основной достигнутый 
результат работы – выявление зависимости влияния 
режимов аэротермоакустической обработки на пове-
дение быстрорежущих сталей. Выяснено, что приме-
нение аэротермоакустической обработки может ис-

пользоваться для увеличения прочностных характе-
ристик быстрорежущих сталей. Оценка влияния аэро-
термоакустической обработки на характеристики 
быстрорежущих сталей проведена квалиметрическим 
методом. 

Ключевые слова: аэротермоакустическая обработка, 
быстрорежущая сталь; прочностные характеристики. 
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