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Abstract: Rotary friction welding (RFW) is used in the production of drill pipes for solid mineral prospecting. The need
for the creation of the lightened drill strings for high-speed diamond drilling of ultradeep wells dictates the necessity of
a greater focus on the study of a weld zone and setting the RFW technological parameters. This paper presents the results of
experimental studies of a welded joint of a drill pipe of the H standard size according to ISO 10097, made of the 30XT'CA
(pipe body) and 40XM®A (tool joint) steels under the cyclic loads. The authors evaluated the influence of the force applied to
the workpieces in the process of friction of the contacting surfaces (force during heating), and postweld tempering at a tem-
perature of 550 °C on the cyclic life of welded joints, under the conditions of alternate tension-compression at the cycle am-
plitude stress of £420 MPa. The study determined that with an increase in the force during heating, the microstructure chang-
es occur in the zone of thermomechanical influence, contributing to an increase in the fatigue strength of welded joints.
The authors identified the negative effect of postweld tempering on the fatigue strength of welded joints, which is expressed
in the decrease in the number of cycles before failure by 15—40 %, depending on the magnitude of the force during heating.
The optimal RFW mode of the specified combination of steels is determined, which provides the largest number of cycles
before failure: the force during heating (at friction) /=120 kN, forging force F%,~=160 kN, rotational frequency during heating
n=800 Rpm, and upset during heating /=8 mm. A series of fatigue tests have been carried out at various values of the cycle
amplitude stress of the welded joint produced at the optimal mode and the 30XI'CA steel base metal; limited endurance
curves have been plotted. It is shown that the differences in the limited endurance curves of the pipe body material (30XI'CA
steel) and the welded joint are insignificant. The obtained results are supplemented by the microhardness measurement data
and fractographs of fractured samples, revealing the mechanism of crack propagation under the cyclic loads.
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exploration for solid minerals. At the same time, the exag-

INTRODUCTION

Rotary friction welding (RFW) refers to the process of
producing welded joints of parts that are rotary bodies. It
has a number of technological advantages compared to other
types of welding and allows welding partially weldable and
difficult-to-weld materials in various combinations, which
determines its application in various industries. This tech-
nology is used when producing drill pipes with welded tool
joints for the oil and mining industry, during geological

geration of mining and geological drilling conditions asso-
ciated with a greater depth of rock occurrence, determines
the necessity to create lightened drill pipe structures by
reducing the wall thickness of the drill pipe body when us-
ing a stronger pipe billet. Considering that the drill string
during high-speed diamond drilling operates under difficult
mechanical loading conditions, a more careful approach is
required to the choice of materials and the setting of weld-
ing modes.
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As a rule, drill pipes are a welded structure of a tool
joint with a pipe body made of medium- and low-carbon
alloy steels connected by RFW'. As a pipe body for light-
ened constructions of drill pipes, it is supposed to use a pipe
billet made of 30XI'CA steel, which after quenching and
tempering, ensures the required properties: constrained
yield strength >750 MPa, ultimate tensile strength
>850 MPa, and eclongation >12 %. As a material for
the drill pipe tool joint, various grades of medium-carbon
alloy steels can be used, which after quenching and temper-
ing, ensure the following mechanical properties: con-
strained yield strength >930 MPa, ultimate tensile strength
>1050 MPa, and relative elongation >10 %. 40XM®A steel
is the most widely used.

The search and analysis of works aimed at the detailed
study of the microstructure and properties of friction weld-
ed joints made of medium-carbon alloy steels showed
the insufficient information in this area. There are some pub-
lications presenting the results of the studies of the micro-
structure and properties of welded joints of drill pipes
made of N80 steels (analogue to 35I'2) in the normalized
state with 42CrMo4 steel (analogue to 40XM) after
quenching and tempering [1], AISI 8630 steel (analogue
to 30XMH) [2], and welded joints of ASTM A 106 Grade B
steel (analogue to 20I") in the hot-rolled state and 4140
steel (analogue to 40XI'M) after normalization and after
toughening [3; 4]. These works, as well as other studies
[5; 6] indicate that the mechanical properties of welded
joints during tensile tests with properly selected welding
modes meet or, in some cases, even exceed the mecha-
nical properties of the weakest welded material. However,
the working conditions of drill pipes during operation are
determined by the impact of both the static and sign-
variable cyclic loads. Therefore, the study of the fatigue
strength of the RFW-produced joints of drill pipe elements
is important to assess the reliability and performance of
the structure.

It is known that the fatigue properties of welded joints,
including those RFW-produced, are determined both by
the chemical composition of welded materials and the mi-
crostructural features of the welded joint zone and the level
of residual welding stresses [7; 8]. In this case, welded
joints performed by the friction welding methods have
higher fatigue strength characteristics than welded joints
produced by fusion welding [9—11]. In the work [12], it was
established that a higher endurance limit of a welded joint
compared to the base material can be obtained by friction
welding of stainless steels. However, when welding dissi-
milar steels, such as medium-carbon steel and austenitic
stainless steel, the fatigue strength of a welded joint de-
creased by 30 % compared to medium-carbon steel and
by 40 % compared to austenitic steel [13]. During friction
welding of AISI 1040 medium-carbon steel (analogue to
40T'), the fatigue strength of a welded joint is close to
the fatigue strength of the base metal of this steel [14].
However, the fatigue strength of a welded joint in the com-
bination of 32G2 and 40HN steels is inferior to the fatigue
strength of 32G2 steel by up to 30 % [15].

' TOCT P 51245-99. General-purpose steel drill pipes.
General technical specifications. M.: Publishing House of
Standards, 1999. 15 p.

At the same time, welding parameters and post-weld
heat treatment affect the microstructure and properties of
welded joints, which is shown in publications using
the examples of both the joints of medium-carbon steels
[16; 17] and combinations of low-carbon steel with stain-
less steel [18] and aluminium alloy [19], as well as other
alloys [20] and their combinations [21].

The need to create lightened structures of geological
exploration drill pipes dictates the necessity to study
the fatigue properties when changing the modes of welding
and post-weld heat treatment also in a welded joint of
30XT'CA and 40XM®A steels intended for use, which has
not been studied by now. It is necessary to understand
the degree of strength uniformity of the weld zone with
the drill pipe body (30XT'CA steel).

Early studies of mentioned combination of steels iden-
tified the optimal range of RFW parameters, which provides
maximum tensile strength at their interface (at the joint):
heating force F;=40-120 kN, forging force Fy,=100—
160 kN, rotational speed during heating n=700-900 Rpm,
and upset during heating /=—7-9 mm [22]. However,
the obtained values of optimal parameters show that
the range of force values during heating ensuring a high-
quality welded joint in the junction of materials, is rather
wide, therefore, a more detailed assessment of the influ-
ence of this parameter on the fatigue strength of a joint
containing all microstructural zones formed during weld-
ing is of interest.

The work is aimed at evaluating the influence of the pa-
rameters of rotary friction welding and post-weld tempering
on the fatigue resistance of welded joints of 30XI'CA and
40XM®A steels, and determining the optimal parameters
ensuring the maximum degree of strength uniformity of
the weld zone with the base material — 30XI"CA steel.

METHODS

Friction welding was performed on pipe billets with
a diameter of 92 mm and a wall thickness of 8 mm made of
40XM®A steel and pipe billets with a diameter of 89 mm
and a wall thickness of 4 mm (H standard size according to
ISO 10097) made of 30XI'CA steel previously quenched
and high-tempered.

Chemical composition of the original steels is shown in
Table 1.

Welding was carried out on the Thompson-60 equip-
ment complete with a software package that allows setting
and controlling welding parameters. The RFW process con-
sists of the stage of heating the billets during friction as
a result of applying an axial force on the side of the rotating
workpiece, and the forging stage, which consists of apply-
ing an additional axial force after the rotation stops. Thus,
the main RFW parameters are the force during heating,
(during friction as a result of the contact of two rotating
pipes), Fy (kN), the forging force Ff, (kN), the rotational
speed during heating n (Rpm), and the upset during heating
[ (mm) [23].

Welding modes selected for current study are shown in
Table 2.

The mechanical properties of welded joints and the base
metal are shown in Table 3. It also contains the mechanical
properties of welded joints after tempering in a laboratory
furnace at a temperature of 550 °C during 1 hour.
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Fatigue tests of the samples were carried out on
the INSTRON 8801 universal testing machine according to
the alternate tension-compression scheme with a cycle
asymmetry coefficient R=—1, and a loading frequency of
5 Hz. The standard size of samples for fatigue tests of
the base metal and welded joints is shown in Fig. 1. In this
case, the sample shape corresponded to type III according
to the TOCT 25.509-79 standards and the dimensions were
adjusted to ensure its stability under alternating cyclic load-
ing at the increased loads.

In the course of testing the samples of welded joints
produced under various welding modes, in the initial state
and after tempering, the number of cycles to failure was
determined at a stress amplitude of ¢,=+420 MPa. Three
samples per mode were subjected to tests followed by
the calculation of the average value of cyclic durability.
After determining the optimal mode that ensures the maxi-
mum durability of welded specimens. Tests were carried
out at various stresses both for welded specimens under
the selected mode, and monolithic specimens made of
30XI'CA steel for the construction of limited endurance
curves and their comparative evaluation.

The study of the microstructure of welded joints was
carried out on transverse microslices after etching with
a 4 % solution of nitric acid in ethanol using an Olympus
DSX1000 optical microscope. The microhardness was
measured along the length of the thermomechanical effect
zone (TMEZ), with a step of 0.5 mm according to
the TOCT 9450-76 standard on a HVS-1000 microhardness
tester, applying a load of 2 N for 10 s. The fractographic
analysis of the destroyed samples was carried out on
a Tescan VEGA II XMU scanning electron microscope.

RESULTS

A typical macro- and microstructure of a welded joint of
30XT'CA and 40XM®A steels after rotary friction welding
is shown in Fig. 2. Directly near the joint zone, it is marten-
site with the bainite areas. In the TMEZ peripheral areas,
a finely-dispersed ferrite-carbide microstructure is observed
as a result of a decrease in temperature exposure.

Microhardness distribution across the width of TMEZ
in the initial state after welding and tempering is shown
in Fig. 3.

Near the zone of joining two steels, there are areas with
high microhardness in relation to the base metal caused by
the formation of martensite structures (Fig. 3 a). The force
during heating has some influence both on the microhard-
ness values and the TMEZ length. With an increase in
the force during heating in the range from 40 kN (mode
No. 1) to 120 kN (mode No. 3), the TMEZ length decreases
from 7.85 to 5.25 mm. The maximum values of microhard-
ness are observed in the samples obtained with a heating
force of 120 kN and amount 669 HV 0.2 for 40XM®A
steel and 608 HV 0.2 for 30XI'CA steel. The minimum
HV 0.2 values correspond to the peripheral TMEZ areas in
the welded joint produced with the lowest force during
heating of 40 kN. In these areas, the microhardness of
30XI'CA steel is 264-280 HV 0.2, the one of 40XM®DA
steel is 298-335 HV 0.2, while the microhardness of
the base metal of 30XI'CA steel reaches 294-306 HV 0.2,
and the one of 40XM®A steel is 362-367 HV 0.2. Thus,
the most weakened zone in this welded joint (mode No. 1)
in relation to all its areas, is the peripheral area of
the 30XT'CA steel TMEZ.

Table 1. Chemical composition of steels intended for the production of drill pipes, % by weight
Taonuya 1. Xumuueckuii cocmas cmainetl, npeoHA3HAYEeHHbIX 051 NPOU3800Cmea OypulbHulx mpyo, % no macc.

Steel Grade C Mn Si S P Cr Ni Cu Mo A%
3(.)XFCA 0.33 1.02 1.12 0.003 0.011 0.99 - 0.04 - -
pipe body
40XMCI.)A 0.41 0.48 0.27 0.004 0.008 0.97 0.08 0.06 0.27 0.11
tool joint

Table 2. Rotary friction welding modes selected for the experiment

Tabnuya 2. Pescumvl pomayuoHHOU c6apKu mpenuem, 8blopanubvle 0Jid IKCHEPUMEHMA

Force during heating F}, Forging force Fy,,, Upset during heating /, Rotational speed n,
Mode No.
kN kN mm Rpm
1 40
2 80 160 8 800
3 120
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Table 3. Mechanical properties of the REW-produced welded joints of the 30XI'CA and 40XM®A steels and base materials*
Tabnuuya 3. Mexanuueckue ceoticmea ceapuvix coedurenuii cmanei 30XI'CA u 40XM®DA,
BbINOIHEHHBIX POMAYUOHHOU CEAPKOL MPEHUeM, U MAMepUuaios OCHosbL™*

Test sample RFW mode No. Gy, MPa 6., MPa 0, % v, %
1 760/758** 849/841 8.0/7.0 34.5/33.5
Welded joint 2 757/755 883/851 10.0/9.0 33.0/33.5
3 771/768 894/882 10.5/10.5 35.0/36.0
30XI'CA - 767 888 13.0 36.5
40XM®PA - 1111 1205 10.5 38.0

* Mechanical properties are obtained for the samples with the working part length of 50 mm, width of 15 mm,
and thickness of 4 mm at the INSTRON 8801 test unit according to the FOCT 6996-66 and I'OCT 1497-84 standards.
** In the numerator, mechanical properties of a welded joint after rotary friction welding are indicated;
in the denominator — the ones after tempering.
* Mexanuueckue cgolicmea nonyueHvl Ha oopaszyax ¢ 0aunou paboueti wacmu 50 mm, wupunou 15 mm u monwuroi 4 mm
Ha ucneimamenvrou ycmanogke INSTRON 8801 6 coomeemcemeuu ¢ 'OCT 6996-66 u I'OCT 1497-84.
** B yucaumene npugedeHbl MeXanuieckue ceolCHBa C6apHO20 COCOUHEHs NOCe POMAYUOHHOU C8APKU MPEHUeM,
a 8 3Hamenameine — NOCie OMNYCKdA.

75 4
\___4, il
w[+———=&f-
o L
3

Fig. 1. A sample with a welded joint for fatigue tests
Puc. 1. Obpaszey co ceapHvim coeduneHuem 0aa UCHBIMANHUL HA YCMALOCHb

Fig. 2. Macro- and microstructure of a welded joint of the 30XI'CA and 40XM®A steels
produced by rotary friction welding (mode No. 2)
Puc. 2. Maxpo- u muxpocmpykmypa céaprozo coedunenus cmaneti 30XI'CA u 40XM®PA,
NOJYYEHHAs, POMAYUOHHOU C8apKoll mpenuem (pexcum Ne 2)

72 Frontier Materials & Technologies. 2023. Ne 1



Priymak E.Yu., Kuzmina E.A., Gladkovskii S.V. et. al. «Fatigue strength of 30XI"'CA—40XM®A welded joints...»

800

30XICA

HV0,2

200
7 6 5 -4 -3 -2 -

40XMO®A

AAWM

0 1 2 3 4 5 6 7

Measurement pitch, mm

—@—mode No. 1

800
30XICA

700

600

500

HVO,Z

—o—mode No. 2

#—mode No. 3

40XMDA

Measurement pitch, mm

—@—mode No. 1

—o—mode No. 2

#—mode No. 3

Fig. 3. Microhardness distribution in welded joints of the 30XI' CA—40XM®A steels:

a — after friction welding; b — after friction welding and further tempering at 550 °C
Puc. 3. Pacnpedenenue muxkpomeepoocmu 6 céapHuix coeounenusx cmaneii 30XI'CA—40XM®DA:
a — nocae ceapku mpenuem; b — nocie ceapxu mpenuem u nocnedyoweeo omnycka npu 550 °C

Post-weld tempering caused a decrease in microhard-
ness in the thermomechanical effect zone in all samples
and, as a result, a partial elimination of the mechanical
inhomogeneity typical for the initial state of a welded
joint. However, it should be noted that in the welded
joints, performed according to modes No. 2 and No. 3, in
the peripheral TMEZ areas, the microhardness in the ini-
tial state was at the base metal level, and local weakening
of these areas with respect to the base metal is observed
after tempering. In the welded joint, obtained according to
mode No. 1, in the weakening zone formed earlier during

welding, an additional decrease in microhardness is ob-
served (Fig. 3 b).

Fig. 4 shows the number of cycles before failure of
samples of welded joints during fatigue testing.

The obtained results (Fig. 4) show that with an increase
in the force during heating, the durability of the samples
increases. At the same time, tempering reduces the number
of cycles to failure by 40, 20, and 15 % after the implemen-
tation of modes No. 1, No. 2, and No. 3, respectively.

During the tests, the failure of all samples was recorded
from the side of 30XT'CA steel at a distance of 3 to 5 mm
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from the junction of two steels. Fig. 5 shows the appearance
of tested samples.

Fig. 6, 7 demonstrate the macro- and microstructure of
fractures of tested samples.

The fracture surface of all tested samples is a typical fa-
tigue fracture, where the zone of the fatigue crack initiation
and development (area 1), as well as the fracture zone
(area 2) are observed (Fig. 6 and 7). The fatigue zone in
all samples of welded joints is from 65 to 75 %, which
indicates a high resistance of the material to crack propa-
gation. In this case, the fatigue crack initiation occurred
from the surface of the samples on the inner part of
the pipe billet.

The fatigue fracture zones of samples produced with
the force during heating equal to 40 kN (mode No. 1) at
6,=420 MPa with and without tempering have a plateau-
like fracture surface with the fragments of a grooved
microrelief (Fig. 6b, 6e). The tempered sample has
a smoother microrelief (Fig. 6 ¢). However, the distance
between the fatigue grooves is higher, which indicates

30000

25000

20000

15000

10000

Number of cycles, N

5000

mode No.1

dinitial state

a higher crack propagation rate in this sample. The fracture
zones of both samples (Fig. 6 c, 6 f) are of the viscous type
and contain small and shallow viscous pits.

The fractures of samples of welded joints produced
with the force during heating equal to 80 kN (mode No. 2)
had an identical structure to that described above in
the initial state and after tempering. However, samples
obtained with the force during heating equal to 120 kN
(mode No. 3), both with subsequent tempering (Fig. 7 ¢)
and without it (Fig. 7 b), are characterized by a smoother
microrelief without evident fatigue grooves. Taking into
account the fact that the total TMEZ length at this welding
mode is 5.25 mm, the failure of the sample, most likely,
occurred in the zone of the base metal of 30XI'CA steel
(Fig. 5). In the fracture of the samples, pores are observed,
which were probably initiated by the non-metallic inclu-
sions in the original billet. The fracture zones of both
samples (Fig. 7 c, 7 f), as well as in the previous sam-
ples, are characterized by the viscous shallow-pitted
microrelief.

mode No.2 mode No.3

tempering, 550 °C

Fig. 4. The number of cycles before failure of samples of welded joints of the 30X CA—40XM®A steels
in the initial state and after tempering during cyclic tests with an amplitude of 6,=+420 MPa
Puc. 4. Konuuecmeso yuxios 0o paspyuteHust 06pasyoe ceapruix coeounenuti cmanei 30XI'CA—40XMDA
8 UCXOOHOM COCMOAHUU U NOCTIe OMNYCKA NPU YUKAUYECKUX UCHBIMAHUAX ¢ aMnaumyool o,=+420 MIla

Welded joint

b

Fig. 5. The appearance of broken specimens after cyclic tests (at the left — 30XI'CA steel):
a — mode No. 3 after welding; b — mode No. 3 after tempering
Puc. 5. Buewnuii 6uo paspyuiennsix 06pasyos nocie yukiudeckux ucnvimanuil (cnesa cmanv 30XI'CA):
a — pedxicum Ne 3 nocne ceapxu; b — pescum Ne 3 nocne omnycka
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Fig. 6. Macro- (a, d) and microstructure (b, ¢, e, f) of fractures of welded joints
after endurance tests after welding according to the mode No. 1
in the initial state (a—c, 0,=420 MPa, N=24142) and after tempering (d—f, 6,=420 MPa, N=13631):
a, d — general appearance; b, e — area 1 (fatigue zone); ¢, f— area 2 (fracture zone)
Puc. 6. Maxpo- (a, d) u muxpocmpoenue (b, c, e, f) uznomoe céapmvix coedunenuil
nocie UCHBIMAHULL Ha YCIMALOCMHYI0 NPOYHOCHb NOCIe C8APKU NO pexcumy Ne |
6 ucxooHom cocmosnuu (a—c, 0,=420 MIla, N=24142) u nocne omnycxa (d—f, 6,=420 MIla, N=13631):
a, d — oowuii 6ud; b, e — yuacmox 1 (3ona ycmanocmu), ¢, f— ywacmox 2 (30na donoma)

Thus, a welded joint produced with the force during
heating F,=120 kN (mode No. 3) without subsequent tem-
pering has the highest fatigue strength among the investi-
gated welding modes. Therefore, comparative tests of
welded joints and the pipe body material for the construc-
tion of limited endurance curves were carried out in this
mode. The curves in semilogarithmic coordinates obtained
during testing are shown in Fig. 8.

The comparative evaluation of the limited endurance
curves (Fig. 8) of this welded joint and the 30XI'CA base
steel shows that the differences are insignificant. In
the low-cycle fatigue area (N<1000), the 30XT'CA base
steel has a bit higher fatigue resistance, while in the high-
cycle fatigue area, the base steel and the welded joint have
the same averaged level of the fatigue strength. A charac-
teristic feature of the mechanical behaviour of welded joints
under the cyclic loading conditions at all stress amplitudes
is the destruction both in the zone of the initial material of
30XI'CA steel and in the 30XT'CA steel TMEZ, regardless
of the o, value, which indicates the strength uniformity of
these zones.

The morphology of the fracture surface of samples of
welded joints and 30XI'CA steel formed at different ampli-
tude stresses is shown in Fig. 9, 10.

It is evident that at fracture in the stress range of
+495-508 MPa, there are some differences in the structure
of fracture of welded joints and the 30XI'CA steel base
metal (Fig. 9). On the fatigue fracture surface of the weld-
ed joint specimen (Fig. 9b), stepped plateau-like areas
surrounded by dimples were formed. The fatigue grooves
are indistinct. A rougher relief of the fatigue fracture zone
is observed in the base metal specimen (Fig. 9 e).
The crack initiation occurs in two areas of the sample,
near the defects or inclusions (Fig. 9 d). The fracture
zones of both samples (Fig. 9 c, 9 f) are characterized by
the shallow-pitted microrelief.

With a decrease in the active stress and an increase in
the number of cycles to failure, the plateau-like areas occu-
py the major area of the fatigue fracture zone (Fig. 10 a,
10 b, 10 d, 10 f). However, the fatigue grooves are clearly
formed only in the small areas of fracture surfaces; in other
areas, they are poorly formed and broken under the influence
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Fig. 7. Macro- (a, d) and microstructure (b, ¢, e, f) of fractures of welded joints
after endurance tests after welding according to the mode No. 3
in the initial state (a—c, 0,=420 MPa, N=32825) and after tempering (d—f, 0,=420 MPa, N=23384):
a, d — general appearance; b, e — area 1 (fatigue zone); ¢, f— area 2 (fracture zone)
Puc. 7. Maxpo- (a, d) u muxpocmpoenue (b, c, e, f) uzn0M06 céapHvIx coeduHeHU

nocie ucnblmanull Ha yCmailoCmmylo RpOYHOCHb NOCIe C8APKU O pexcumy Ne 3
6 ucxoonom cocmosanuu (a—c, o,=420 MIla, N=32825) u nocre omnycka (d—f, 6,=420 MIla, N=23384):
a, d — obwuii 6uod; b, e — yuacmox 1 (3ona ycmanocmu), ¢, f— yuacmox 2 (3ona donoma)

1000
900
300
700
600
500
400
300
200
100

0 L 1 11311l L 111l 1 L1 1111l 1 L1311l 1 L1l

10 100 1000 10000 100000 1000000
N
A30XICA ®welded joint

O, MPa

Fig. 8. Limited endurance curves of the 30XI'CA steel and a welded joint of 30XI" CA—40XM®A steels
Puc. 8. Kpuswvie ocpanuuennoii svinocaugocmu cmanu 30XI'CA u ceaproeo coedunenusi cmaneti 30XI'CA—40XMDA
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Fig. 9. Macro- (a, d) and microstructure (b, ¢, e, f) of fractures of a 30XI CA—40XM®A welded joint (6,=495 MPa, N=15077) (a—c)
and a monolithic specimen of the 30XI'CA steel (o6,=508 MPa, N=14965) (d—f) obtained at low-cycle fatigue tests:
a, d — general appearance; b, e — area 1 (fatigue zone); ¢, f— area 2 (fracture zone)
Puc. 9. Maxpo- (a, d) u muxpocmpoenue (b, c, e, f) usnomos ceéaprozo coedunenuss 30XI' CA—40XMDA (6,=495 Mlla, N=15077) (a—c)
u moHoaumrozo oopaszya cmanu 30XI'CA (6,=508 MIla, N=14965) (d—f),
NOIYYEHHBIX NPU UCHLIMAHUSX 8 YCIO0GUX MALOYUKIOBOU YCMALOCIU:
a, d — oowuii 6ud; b, e — yuacmox 1 (3ona ycmanocmu), ¢, f— yuacmox 2 (30na donoma)

of various factors accompanying fracture. Despite this,
the fatigue fracture is well identified in all samples when
studying the propagation of the direction of secondary cracks
perpendicular to the main crack. Secondary cracks are more
clearly expressed in the sample with a welded joint
(Fig. 10 b) compared to the base metal. Most probably, this
occurs due to the formation of a crystallographic texture in
the welded joint zone under the influence of the thermal de-
formation cycle of welding [24]. The fracture zones of both
samples (Fig. 10 c, 10 f) have a typical shallow-pitted relief.

DISCUSSION

The results of the study showed that the welded joint of
30XT'CA and 40XM®A steels under certain welding pa-
rameters is capable of ensuring a full-strength structure
with the 30XT'CA steel both under the static tension, as
established in the work [25], and under cyclic loading. One
of the RFW parameters affecting the properties of
a welded joint is the force during heating. The present study
identified that with an increase in the force during heating,
the TME zones strengthen at the reduction in their length

from the side of each type of steel, which contributes to
an increase in the fatigue endurance of the studied welded
joints. Most probably, this effect is caused by the intensifi-
cation of the processes of strain hardening in the TME
zones implemented during RFW, as established in the work
[12]. However, when the deformed microstructure is heat-
ed, the recovery and polygonization processes develop,
which are accompanied by local softening of the materials
in the TMEZ and a decrease in fatigue endurance, which
was also observed in the work [26]. The fatigue crack
growth rate increases, which is confirmed by the results of
microfractographic analysis. Therefore, tempering of
a welded joint of 30XI'CA—-40XM®A steels will have
a negative impact on the properties of the structure.

MAIN RESULTS AND CONCLUSIONS

1. The study identified that with an increase in the force
during heating in the process of RFW of tubular billets of
the H standard size according to ISO 10097 made of
30XT'CA and 40XM®A steels in the range from 40 to
120 kN, microstructural changes occur, accompanied by
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Fig. 10. Macro- (a, d) and microstructure (b, ¢, e, f) of fractures of 30XI CA—40XM®DA welded joints (o,=354 MPa, N=67321) (a—c)
and a monolithic specimen of the 30XI'CA steel (6=342 MPa, N=62400) (d—f) obtained at multicycle fatigue tests:
a, d — general appearance; b, e — area 1 (fatigue zone); ¢, f— area 2 (fracture zone)
Puc. 10. Maxpo- (a, d) u muxpocmpoenue (b, ¢, e, f) uznomos ceapruvix coeounenuii 30XI'CA—40XM®DA (o,=354 Mlla, N=67321) (a—c)
u moHoaumuozo oopazya cmanu 30XI'CA (6=342 MIla, N=62400) (d—f),
NOJYYEHHBIX NPU UCHLIMAHUAX 8 YCL0BUAX MHOSOYUKILOBOU YCMANIOCU:
a, d — oowuii 6ud; b, e — ynacmox 1 (3ona ycmarocmu); ¢, f— yuwacmox 2 (3ona donoma)

a reduction in the TMEZ length and strengthening of
the peripheral areas, which contributes to an increase in
the fatigue strength of welded joints.

2. Post-weld tempering causes a decrease in the number
of cycles before failure compared to the initial state of
welded joints by 15-40 %, depending on the welding mode.
In this case, tempering leads to the formation of a smoother
microrelief in the fracture and an increase in the distance
between the fatigue failure grooves.

3. Based on the research, the optimal RFW mode was
determined for the lightened structures of the H standard
size exploration drill pipes, which corresponds to the force
during heating (at friction) F,=120 kN, the forging
force Fr, =160 kN, the rotational speed during heating
n=800 Rpm, and the upset during heating /=8 mm. With
the specified RFW process parameters, the fatigue strength
of welded joints is comparable to the fatigue strength of
the base metal of the weakest 30XT"CA steel, which is con-
firmed by the limited endurance curves and the almost iden-
tical nature of the destruction revealed by macro- and
microfractographic studies.
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Annomayusn: Porannonnas capka tpeHueM (PCT) ncnons3yeTcs npu Npou3BOACTBE OypHIBHBIX TPYO IS T€0JI0Tr0-
pa3BeIKH HA TBEPJbIC TOJIE3HBIE HCKOMaeMble. [IoTpeOHOCTE B cO3aHuM 0OIErYeHHBIX KOJIOHH OypHIIBHBIX TPYO 11 BBI-
COKOCKOPOCTHOTO aJIMa3HOTO OypeHHMs CBEPXITTyOOKMX CKBa)KMH JUKTYET HEOOXOIMMOCTH OoJiee NMPHUCTAIHHOTO BHUMa-
HUSI K M3yYECHUIO 30HBI CBAPHOTO IIBa M HA3HAYCHUIO TexHomormdeckux napamerpoB PCT. B pabore nmpuBeneHs! pe3yiib-
TaThl SKCIIEPUMEHTAILHBIX HCCIEI0BAaHUN CBApHOTO COEAMHEHHUs OypuiIbHON TpyObl Tumopasmepa H mo ISO 10097 u3
craneit 30XI'CA (termo Tpy6s1) n 40XM®DA (3aMKOBasi 9acTh) B YCIOBHUAX BO3ACHCTBUS ITUKINIECKUX HArpy3ok. OreHu-
BaJIOCh BJIMSHHUE CUJIBI, IPUKJIAZBIBAEMOM K 3aTOTOBKAM B IIPOIECCE TPEHHUS CONPUKACAIOIINXCS TOBEPXHOCTEH (CHIIBI TIPU
Harpese), ¥ MOCIeCBapOYHOTo OTIycKa mpu TemmepaTrype 550 °C Ha IUKINYECKYIO TOJTOBEYHOCTh CBAPHBIX COETMHEHUN
B YCJIOBHSIX 3HAaKOIIEPEMEHHOTO PACTSDKCHMA-CKATUS NIPU HANPSHKCHUH aMIUTUTYAB! Iukia +420 MIla. YcraHoBIeHO, 4TO
C YBEIMYEHHEM CHJIBI IPH HAarpeBe B 30HE TEPMOMEXAaHHUYECKOTO BIMSHHUSA MPOUCXOISAT M3MEHEHHS MHUKPOCTPYKTYPHI,
CHOCOOCTBYIOIINE MOBBIIIEHUIO YCTAJIOCTHOW IPOYHOCTH CBAPHBIX COCAMHEHUH. BBIABIEHO HEraTMBHOE BIMSIHUE IOCIIE-
CBapOYHOTO OTITYCKa Ha YCTAJIOCTHYIO ITPOYHOCTH CBAPHBIX COEIMHEHMH, BBIpa)Karomieecsi B CHI)KEHUN KOJIMUECTBA IINK-
JI0B 110 paspymenus Ha 15—40 % B 3aBUCHMOCTH OT BEJIMYMHBI CUIIBI ITpH Harpese. OnpeaeneH ontumanbHsiil pexuM PCT
YKa3aHHOTO COUYETaHMs CTajel, oOecrneynBalomuii HanOoJIblIee KOINIECTBO IUKIJIOB 10 paspyLICHUs: CHiia IPH HarpeBe
(mpu Tpenun) F,=120 xH, cuna npokoBku Fy,,=160 xH, yacTora Bpamenus npu Harpese n=800 06/MMH K Ocajka IpU Ha-
rpese /=8 mm. IlpoBeneHa cepusi YCTAJIOCTHBIX MCIBITAHUN TPH PA3IMYHBIX 3HAYCHUSX HANPSHKSHUS aMIUTHTY]IBI UK
CBapHOTO COEAMHEHHS, MOJyYeHHOTO Ha ONTHUMAJIBHOM peXuMe, U ocHOBHOro MeTayta ctanu 30XI'CA; mocTpoeHsl Kpu-
BbIC OTPAaHWYECHHON BBIHOCIMBOCTH. [l0Ka3aHO, 4TO pa3inu4us B KPUBBIX OIPAaHHYEHHOI BBIHOCIMBOCTH MaTepHala Teja
TpyOsI (cTans 30XI'CA) u cBapHOTO COSTUHEHHSI HE3HAUUTEbHBI. [1oyueHHbIe pe3yNbTaThl JONOJHEHBI JAHHBIMU U3M €-
peHUil MUKPOTBEpJOCTH M (hpakTorpaMMaMH pa3pyIIeHHBIX 00pa3loB, PACKPHIBAIOLIMMHU MEXaHM3M DPacIpOCTPaHEHHMs
TPELINH B YCIOBUAX BO3ACHCTBUS IUKIMUECKUX HATPY30K.

Knrwouesvie cnosa: poTanmoHHas cBapka TpeHHEM; OypIIIbHBIE TPYOBI; CBapHOE COEIMHEHNE; YCTAIOCTHAS IPOYHOCTH;
KpHBas orpaHu4eHHON BeIHOCIUBOCTH; cTanb 30XI'CA; crams 40XM®DA.
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