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ABSTRACT
It is shown that application of superhard materials based on cubic boron nitride for manufacture of working components of the 
tool for realization of friction stir welding processes allows ensuring the tool thermomechanical resistance. Computer modeling 
of the temperature field in the tool, and in steel parts during friction stir welding of stainless steels with a tool based on poly-
crystalline boron nitride (pcBN) was performed. Agreement between the numerical and experimental results of temperature 
distribution in the tool movement zone is shown. Strength of welded joints of stainless steel parts was determined, and evolu-
tion of weld structure was analysed.
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INTRODUCTION
as is known, the process of friction stir welding 
(fsw) is conducted at temperatures much lower than 
melting temperature of the metals and alloys being 
welded. It results in an essential lowering of residu-
al stresses and temperature deformations, and evolu-
tion of the joint zone microstructure takes place that 
has a positive influence on ensuring the part material 
strength in their joint zone. Initially, this method was 
successfully used for welding magnesium- and alu-
minium-based alloys [1]. Magnesium alloys turned 
out to be a material readily weldable by FSW meth-
od, as the welding process is conducted at low tem-
peratures (200–260 °C) with application of steel tools 
[1‒3]. In friction stir welding of aluminium alloys the 
observed characteristic temperatures in the welding 
zone were in the range of 300–400 °C. realization 
of the process of FSW of copper-based materials is 
performed already at temperatures of 600‒700 °C that 
requires application of hard-alloy tools [4]. for weld-
ing steels and high-temperature alloys, however, in 
welding of which the temperature of 600–1000 °C is 
observed, a tool with already much higher thermome-
chanical resistance is required, in particular, based on 
special hard alloys or polycrystalline materials based 
on cBN [5, 6]. In order to substantiate the optimal de-
sign of the tool and produce a sound welded joint of 
the parts, as a result of FSW, it is rational to first of all 
perform mathematical modeling of the thermal state 
of the tool and the parts during welding [5‒7].

Over the last twenty years, FSW method has been 
used for welding heat-resistant steels and alloys. real-

isation of the process of fsw of stainless steels of aus-
tenitic-ferritic type and high-temperature alloys requires 
application of a tool from heat-resistant materials, which 
include special hard alloys and polycrystalline materials 
based on cubic boron nitride (pcBN) [8, 9].

V. Bakul Institute for Superhard Materials of the 
nasu is working on development and application of 
tools for FSW for different metals and alloys [1‒4, 7]. 
here, the properties of materials used for tool manufac-
ture, should be much higher than the mechanical charac-
teristics of the materials being welded or surfaced. More 
over, the tool, particularly, its working part (pin), should 
preserve a high wear resistance and heat resistance at 
high temperatures. these materials should retain their 
properties at rather high temperatures and cyclic loads, 
which are due to the forces applied to the tool during 
circular bending in welding or surfacing.

The objective of the work is to develop a tool from 
polycrystalline boron nitride (pcBN) for friction stir 
welding of stainless steels, analysis of thermal pro-
cesses in welding and evaluation of the mechanical 
characteristics of the welded joints.

mATERIALS 
AND INVESTIGATION PROCEDURES
Polycrystalline superhard materials based on cBN are 
known in the world market as tool pcBN materials. 
The tendencies in development of studies in the field 
of creation of polycrystalline superhard materials based 
on CBN can be illustrated in the case of products of a 
number of foreign firms, in particular Element Six and 
MegaDiamond Companies [10, 11]. In Kiborit material 
of this class [8, 9], where the main phase is cBN (about 
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84 %), which is a determinant factor for formation of 
the structure of a composite material with a continuous 
frame and high hardness. Kiborit of all the grades is pro-
duced by reaction sintering of cBN with Al under high 
pressure conditions in hard-alloy high-pressure appara-
tuses (hha) of “anvil with recess” design of “toroid” 
type [8, 9]. Special features of the properties of pcBN-
based composites consist in their high hardness and 
crack resistance, chemical resistance and predominantly 
tribochemical wear mechanism. In the first case, there is 
more than 80 % cBN in the material composition, hard-
ness is ensured by cBN frame, and crack resistance is 
high due to the binder along the grain boundaries (Ta-
ble 1) [9]. Materials with more than 95 % cBN content in 
the structure have higher hardness. an example of such 
a material is Kiborit-1, developed at ISM of the NASU. 
A feature of the structure is absence of a continuous 
binding frame (binder composition is AlN and AlB12, 
quantity is 3 wt.%; it is arranged in the form of inclu-
sions along the grain boundaries). Kiborit-2 material — 
pcBN is produced by the method of preimpregnation of 
compacted cBN powder by aluminium with subsequent 
reaction sintering at a high pressure [8, 9]. Sintering pa-
rameters of Kiborit-2 material are as follows tempera-
ture of 1600–1750 k and pressure of up to 4.5 gpa. 
here, additional evolution of the energy of chemical 
reaction in the working volume, alongside the external 
heating energy, should be noted. For such a process, steel 
HHA are the best, [12], one of the advantages of which is 
the large working volume, allowing production of large-

sized samples of 32 mm diameter and 15 mm height in 
presses with 20 MN force (Table 2).

figure 1 shows the changes in relative density 
(ρ), hardness (Hk) and crack resistance (KIc) in poly-
crystalline materials of the considered type for three 
groups (A, B, C) [9].

New Kiborit application is the work tool for fric-
tion stir welding. rotating tools of this type consist of 
a shoulder and protruding pin — figure 2. In welding 
the pin is immersed into the blank, and the shoulder is 
pressed to the surface. friction at tool rotation gener-
ates heat, which is sufficient for transition of the mate-
rials being joined into an elasto-plastic state.

Kiborit-1 was produced by reaction sintering of 
cubic boron nitride powder (up to 98 %) with alumin-
ium [8, 9]. Presence of other additives in the charge 
and high sintering parameters led to obtaining in the 
composition of Kiborit-1 binder also higher β-AlB12 
boride, alongside AlN and AlB2. A combination of 
high hardness Hk (36–38 GPa) and high heat conduc-
tivity (100–150) W/m∙K with sufficiently high level of 
crack resistance (≥ 8 MPa∙m1/2) of Kiborit-1 enabled 

Table 1. Physico-mechanical properties of some Kiborit grades [9]

Characteristics Kiborit-1 Kiborit-2 Kiborit-3

CBN quantity, % 96‒97 84 70‒75

Specific weight, g/cm3 3.40‒3.45 3.35‒3.38 3.60

knoop hardness at 10 n 
load, gpa 32‒36 28‒30 27

Crack resistance K1c, 
MPa∙m1/2 8‒13.5 10.5 10.5

Compressive strength, 
gpa 3.2 2.9 2.9

tensile strength, gpa 0.37 - -

modulus of elasticity, E, 
gpa 880 - -

poisson’s ratio 0.16

Heat conductivity λ, 
W/(m∙K) 150 70 70

heat resistance up to 
temperature, k 1400 1400 1400

resistance to oxidation 
in air to temperature, k 1200 1200 1200

TEC, α·10–6 k‒1 – 4.9‒7.9 –

plate diameter, mm 6.35‒12.7 9.6‒31.8 9.6‒31.8

Table 2. mechanical properties of the studied materials [13]

steel Е, gpa σ0.2 , mpa σt, mpa δ, % Тm, °С

08Kh18N10T (AISI 321 analog) 193 196 470 40 1400‒1455
AISI 304 (08Kh18N10 analog) 196 205 510 40 1400‒1455

EP-718 (KhN45MVTYuBR) (acc.to TU 14-1-3905-85) 205 550 1240 30 1260‒1336
EI 698 (Kh73MBTYu) 200 705 1150 16 1370‒1400

Figure 1. Crack resistance (1), hardness (2) and relative density 
(3) of polycrystals obtained by reaction sintering of CBN powder 
with 2 wt.% al [9]
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its application in blade tools. Development of super-
hard polycrystalline Kiborit-2 material is based on the 
principles of creation of a material with a continuous 
structure of CBN frame and reaction sintering with 
aluminium. the difference consisted in such a control 
of sintering parameters, which ensured increase of 
“CBN–another phase” contact surface at preservation 
of continuous CBN frame in the structure [9]. The 
given results show that hardness of the real polycrys-
tals, containing from 65 to 96 % CBN and AlN-based 
binder, in all the cases is somewhat lower than the cal-
culated one in the assumption of additive dependence 
on the phase composition. 

Thus, we have the possibility of choosing from the 
composites of Kiborit series an appropriate material 
for application in the tools for friction stir welding of 
steels. It was exactly Kiborit-2, which was selected 
for tool manufacture, based on its high heat-resistance 
(1200 °C), as well as because this material has maxi-
mal crack resistance KIc = 10.5 MPa∙m1/2, which is im-
portant at cyclic circular bending of the pin, and diam-
eter and height dimensions of the blank of 32×15 mm, 
which allowed manufacturing tools with pin height of 
5‒6 mm and should diameter of 25 mm (Figure 2, a).

Stainless steels of AISI type (08Kh18N10 analog), 
08Kh18N10T (AISI 321 analog), 03Kh20N16AG6, 
02Kh18MBV and heat-resistant EP-718 (KhN-
45MVTYuBR) and EI-698 (KhN73MBTYu) alloys 
[13]. mechanical properties of some of them are giv-
en in Table 2. Figure 2, b shows the appearance of the 
weld in welding aIsI 304 steel.

MEASURING THE foRCE CoMPoNENTS 
IN WELDING of STEELS
Investigations on friction stir welding of steels with 
measurement of the components of the force acting on 
the tool, were performed in the bench mounted on the ta-
ble of vertical milling machine 654, fitted with measur-
ing sensors and software of HBM Company (Figure 3). 
Welding modes: tool rotation speed of 800 rpm‒1 and 
feed rate of 20‒50 mm/min. The tool is mounted at 88° 
angle relative to the part surface. samples of 3–4 mm 
thickness were studied (Table 3). Welding of the studied 
steel samples was performed in a special bench, fitted 
with a system of sensors, which measure the vertical 
and shear components of the force, applied to the end 
effector (Figure 3, Table 3). It is found that the average 
force components, irrespective of the rotation frequency 
and speed of welding with the tool with the conical pin 
stay on the same level for all the studied steel samples 
of the same thickness (Table 2).

TEMPERATURE MEASUREMENT 
IN THE WELDING zoNE
temperature measurement in the welding zone was 
performed with an infrared imager fluke-ir25 with 5 s 

resolution at different moments of the tool movement 
along the sample (figure 4).

TEMPERATURE fIELD MoDELING 
AT fSW of STAINLESS STEELS
Mathematical modeling of the temperature field in 
the parts being welded during FSW was performed. 
a 3D stationary model was selected, which is based 
on a nonlinear equation of heat conductivity. redis-
tribution of heat sources over the surfaces of the tool 
pin contact with the parts being welded is taken into 

Figure 2. General view of the tool from polycrystalline boron ni-
tride for welding stainless steels (a) and general view of the weld 
in aIsI 304 steel welding (b)

Figure 3. General view of a bench for studying the process of 
friction stir welding of steels (a), graph of the change of the com-
ponents of a force acting on the tool (b)
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account. Heat exchange with ambient air on the part 
free surfaces is also allowed for.

The material of the parts being welded is AISI 304 
stainless steel. Two plates of 200×100×3 (4) mm size 
were welded by FSW along the plate larger size. The 
welding tools were made from Kiborit-2 material. 
temperature dependencies of thermophysical proper-
ties of aIsI 304 steel on temperature were taken into 
account: heat capacity Cp, thermal conductivity coef-
ficient λ, density ρ, yield limit σy [14–16].

MATHEMATICAL MoDEL 
of THE TEMPERATURE fIELD

a stationary mathematical model was considered for 
description of the temperature field in FSW zone [17]:

 p ( grad ) div( grad ),C u T Tρ = l


 (1)

where T is the temperature; Cp, ρ, λ are the specific 
heat capacity, density and thermal conductivity coeffi-
cient, respectively; u  is the vector of the speed of the 
part forward movement relative to the tool.

Respective boundary conditions are assigned on 
the surfaces of the tool and parts (plates), as well as on 
the surface of contact of the tool and the plates. heat 
sources act on the surface of contact of the pin, shoul-
der and plates, which are due to friction and plastic 
deformation of the plate material in this contact zone.

heat sources due to friction are active on the shoul-
der contact surface. the capacity of these heat sources 
is calculated by the following formula
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where r is the distance from a point of this contact 
surface to the axis of rotation of the shoulder with the 
pin; n is the number of shoulder rotations per minute; 
μ is the friction coefficient; f is the axial force, act-
ing on the pin with the shoulder; As is the area of the 
surface of shoulder contact with the parts; Tm is the 
temperature of plate material melting.

figure 5 shows the results of calculations of tem-
perature distributions in the components of the tool 
structure and AISI 304 steel plate being welded. Fig-
ure 6 gives a comparison of experimental and cal-
culated temperatures. the given maximal values of 
experimentally measured temperatures are unfortu-
nately limited by instrument characteristics and diffi-
cult access of the instrument to the welding zone, but 
it means that these are not the maximal acting tem-
peratures in the welding zone, just acting maximal 
temperatures in the measured (limited) section.

INVESTIGATION RESULTS 
AND THEIR DISCUSSION
experimental determination of temperature distri-
bution in the welding zone of the studied steels was 
conducted. Results of temperature distributions in the 
measured welding zones of the studied steels beyond 
the tool shoulder are given in figure 7.

Table 3. results of measuring the force components (fsw) of samples of the studied stainless steels

sample material sample thickness, 
mm

horizontal component Pz, n Vertical component Py, n

average max average max

03kh20n16ag6 4 2385 3423 17597 19545
AISI 304 (08Kh18N10 analog) 3 1226 2766 11992 15780

Figure 4. Images of fsw of 3 mm plates from aIsI 304 steel (a), measurement of temperature distribution at FSW of stainless steel 
(beyond the tool shoulder) (c)
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maximal studied temperature of welding the steel 
samples varied from 500 to 800 °C (Figure 7), tem-
perature of welding 4 mm thick samples being prac-
tically 1.5 times higher than that of 3 mm samples, 
which is due to greater work of plastic deformations 
in the welding zone. note also that the average tem-
perature in welding of the studied steels is equal to 
Tav = 712 °C, i.e. the mean temperature of welding 
steels of austenitic-ferritic class corresponds to equa-
tion Tw = (0.45–0.62) Tm, unlike the known tempera-
ture range of welding magnesium and aluminium al-
loys, which corresponds to Tw (0.4–0.5)Tm ratio.

metallographic investigations of welded samples 
were performed on polished microsections etched in 
HCl + HNO3 solution for 5 min. microstructure imag-
es obtained in optical microscope XUM-102 at ×500 
magnification are shown in Figure 8. Individual grain 

sizes were determined using levenhuklite software, 
and they are given directly in the images.

In welding 08Kh18N10T steel, the grain size prac-
tically does not change, as the size of individual grains 
in the welding zone is in the range of 10–20 μm, and in 
the initial metal it is 5–15 μm. Grain size in the weld-
ing zone of 02Kh18MBV steel is 10–50 μm, and in the 
material being welded it is 50–150 μm, i.e. grain size 
in the weld is reduced relative to the initial metal by 3 
to 5 times. Growth of individual grains is observed in 
the zone of welding 03kh20n16ag6 steel. so, while 
in the base metal grain size is 2–10 μm, in the weld 
zone is increased to 10–50 μm. Grain size in weld 
metal of AISI 304 steel (08Kh18N10T) is 20–60 μm, 
and in the base metal grain size reaches 40–100 μm, 
i.e. in welding AISI steel grain size refinement by 1.6 
to 2.0 times occurs in the welded joint zone.

Base on metallographic analysis of the change of 
grain size in the combined weld, the ratio of grain size 
in the weld of EP-718 alloy to grain size in the base 
metal decreases practically 2 times, and the size of 

Figure 5. Pattern of the temperature field calculated in different parts of the computational domain (maximal temperature — 1303 K): 
a — in the plate, tool and tool fixtures (arrows show the direction of the tool forward movement); b — in the tool; c — in the plate 
being welded

Figure 6. Comparison of calculated (1) and experimental (2, 3) 
temperatures along the line of welding the steel plates. Coordi-
nate X, mm is the scale bar of the welded steel sample. The arrow 
shows the direction of tool movement. Dashed lines are the tool 
shoulder limits (2 — Kh18N10T steel — 4 mm; 3—– aIsI 304 
steel — 3 mm)

Figure 7. Experimentally determined temperature distributions 
behind the tool shoulder during FSW: thickness of 08Kh18N10T 
steel plate (1) — 4 mm; 02Kh18MBV steel (2) — 4 mm; 
03kh20n16ag6 steel (3) — 4 mm; aIsI 304 steel (4) — 3 mm; 
EP-718 (5) — 4.3 mm; KhN73MBTYu steel (b) — 4.3 mm; X — 
coordinate is the scale bar of the steel sample being welded
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grains in EI 698 steel weld is reduced 3 times relative 
to grain sizes in the base metal.

STRENGTH of fSW JoINTS 
of THE STUDIED STEELS
tensile testing of material welded samples was per-
formed in servohydraulic machine MTS-318.25. All 
the samples of the studied metals for strength determi-
nation were cut out in one direction — orthogonally 
to the welded plate axis. strength of the studied steel 
welded joints relative to that of base metal of these 
steels was determined. It should be noted that the ratio 
of welded joint to base metal strength varied in the 
range from 0.51 to 0.68 (Table 4), i.e. strength low-
ering is quite significant, which determines the need 

to optimize the kinematic and force parameters of 
fsw process, which will ensure higher strength of the 
welded joints. therefore, optimization of kinematic 
and force parameters of the welding process, which 
should ensure the high strength of the welded joint, 
requires a long and careful research, which is the next 
goal in the development of this area of technology.

CONCLUSIONS
1. A tool from polycrystalline boron nitride (pcBN) 
was developed for fsw of stainless steels and 
high-temperature nickel alloys. test tools were man-
ufactured from pcBN Kiborit-2 for realization of the 
process of fsw of structural components from up to 
4 mm stainless steels and high-temperature alloys.

2. a model of the thermal process of friction stir 
welding of stainless steel was proposed and tempera-
ture distributions in the tool and parts being welded 
were calculated.

Investigations of thermal processes during weld-
ing showed that, depending on the thickness of sam-
ples being welded, the maximal temperature in the 
studied steel welding zone varied from 500 to 900 °C, 
which is approximately equal to (0.45–0.62)Tm.

3. a metallographic study was performed of the mean 
size of weld grain, compared to the sample base metal 
was performed. so, the mean size of grains in the zone of 

Figure 8. Evolution of weld structure in the studied steels (×500): 08Kh18N10T (a); 02Kh18MBV (b); 03kh20n16ag6 (c); aIsI 
304 — 08Kh18N10 steel analog (d), EP 718 — EI 698 (e)

Table 4. strength of the studied steels in the initial state and of 
their welded joints

Матеріал sample type σy, mpa σt, mpa σt
з/σt

о

08Kh18N10T
Base metal 194 474 –

welded joint 135 280 0.59

02Kh18MBV
Base metal 429 707 –

welded joint 183 385 0.54

03kh20n16ag6
Base metal 403 758 –

welded joint 275 390 0.51

aIsI 304
Base metal 202 511 –

welded joint 171 349 0.68
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welding 08Kh18N10T steel is in the range of 10–20 μm, 
and in the initial metal it is 5–15 μm, i.e. it remains with-
out any significant changes. Mean size of grains in the 
welding zone of 02Kh18MBV steel reaches 10–50 μm, 
and in the weld material it is 50–150 μm, i.e. the grain 
size in the weld is reduced from 3 to 5 times relative to 
that of the base metal. In the zone of 03Kh20N16AG6 
steel weld, a slight growth of the sizes to 10–50 μm is 
observed relative to the base metal with grain size of 
2–10 μm. Grain size in the weld of AISI 304 steel reach-
es 20–60 μm, compared to base metal with grain size of 
40–100 μm. Therefore, in welding a refinement of grain 
size from 1.6 to 2.0 times is found in the welded joint 
zone. mean grain size in the weld of a mixed joint of 
EP-718 and EI-698 alloys is reduced from 2 to 3 times, 
relative to that of grains in the base meal of these alloys.

4. the ratio of strength of the studied material 
welded joints and that of the base metal varied in the 
range from 0.51 to 0.68, which determines the need to 
conduct more profound studies, aimed at optimization 
of fsw kinematic and force parameters, which will 
provide a higher strength of welded joints of this type.
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