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Abstract: An effective way to protect valve metals and their alloys is the micro-arc oxidation method (MAQ), which is
currently used in various industries. However, to achieve the desired characteristics and properties of oxide coatings,
a large number of experiments are required to determine an optimal oxidation mode, which makes the MAO method labor-
intensive and resource-consuming. One of the ways to solve this problem is the search for an informative parameter
or several parameters, the use of which during the oxidation process monitoring allows identifying a relationship between
the MAO modes and the specified characteristics of oxide coatings. This paper studies the influence of the specified tech-
nological MAO modes (current density, oxidation time, amplitude of acoustic emission (AE) signals recorded during
MAOQO) on the morphology and parameters of oxide coatings (thickness 6 and surface roughness R,) deposited
on the D16AT aluminum alloy clad with pure aluminum. Multivariate planning of an experiment and the performed re-
gression analysis allowed establishing a relationship between two oxidation factors (current density and oxidation time)
and the parameters of the produced coatings. The authors proposed an additional factor, which is determined in the moni-
toring mode during the oxidation process as the time from the moment when the maximum or minimum of the acoustic
emission (AE) amplitude recorded in the MAO process is reached until the end of the oxidation process. The study estab-
lished that the introduction of an additional factor allows increasing significantly the reliability of the dependence between
the coating parameters obtained experimentally and by the computational method based on the regression analysis.
The authors note that when performing MAO, with the additional use of the MAO process monitoring by recording the AE am-
plitude, it is possible to achieve a high reliability between the calculated and actual values of the parameters of oxide coatings.
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with a low concentration are used and not the concentrated
acids. Oxidation is carried out under the action of micro-arc
discharges formed by a high voltage pulse generator of pos-
itive polarity. The pulse amplitude can reach 400—-600 V [1],

INTRODUCTION

Coatings produced by micro-arc oxidation (MAO)
on the parts made of metals and alloys of the valve group,

distinguishing by many valuable working and service prop-
erties (wear resistance, heat resistance, electrical insulating
properties), have a special place among the surface treat-
ment methods used in industry. The MAO method, similar
to anodic oxidation, involves the oxidation of the surfaces
of such metals as aluminum, magnesium, titanium,
and other valve metals under the action of the electric cur-
rent in an electrolyte. Compared to anodic oxidation, during
MAO, the mixtures of various types of salts or alkalis

and the pulse repetition rate depends on a generator type.
At present, the MAO technology is not widely used
for some reasons, including the lack of systematization
of the relationship between parameters, which would con-
tain practical recommendations for achieving the optimal
oxidation regime [2].

Initially, it was believed that the MAO technology
optimization should be based only on an in-depth study
of the MAO mechanism to identify the oxide coating

Frontier Materials & Technologies. 2023. Ne 1


https://orcid.org/0000-0002-3910-9797
https://orcid.org/0000-0003-4150-7038

Bao F., Bashkov O.V., Zhang D. et al. «The study of the influence of micro-arc oxidation modes on the morphology and parameters...»

formation process. The research in this area has indeed
achieved significant results at the early stage of the MAO
technology development. For example, the effective com-
ponents in the electrolyte participating in the MAO process
are determined based on the study of the electrochemical
reaction principle. The direction of optimizing the power
supply for MAO is determined based on the study
of the electrical breakdown mechanism [3—-5].

However, when studying the micro-arc oxidation
mechanism, various models of interpretation of the oxide
coating formation process appeared. The models accepted
by the majority of scientists include the model of bubble
breakdown on the anode, the model of oxide formation on
the anode using the breakdown voltage Up, the models
based on the tunnel and avalanche effects, etc.

The development of basic research on the MAO tech-
nology is rather limited by the lack of a unified theoretical
model. In recent years, the volume of study of the MAO
mechanism has been gradually decreasing. At the same
time, a large number of studies are focused on the optimal
selection of the MAO process parameters using the optimi-
zation method. In most existing works, the method of plan-
ning of a multifactorial experiment is used, followed
by determining the correlation between the processing fac-
tors and the parameters of the resulting coating properties.
This allows establishing technical criteria for the efficient
production management under certain conditions [6—8].
Such studies contributed to a significant development
of MAO technology and allowed applying MAO in vari-
ous industries.

However, due to the variety of MAO factors influencing
the properties and parameters of the formed oxide coatings,
and types of the widely used alloys of valve metals, it is
necessary to carry out systematic studies, including the ex-
periments under various conditions and using the effective
methods for analyzing the results [9].

Today, the search for an associate parameter com-
bined with the processing factors, which would ensure
the complex of properties of the coatings produced
with the MAO technology in real time, has become
a promising direction of the study aimed at solving
the noted problems. Based on this concept, various

methods for controlling the MAO process were proposed:

the method of monitoring the electrical parameters
in the reverse circuit [10], the method of visual control
of micro-arcs using a high-speed photo camera [11],
the method of inductive measurement of the coating
thickness in real time [12], and the method of accumula-
tion of acoustic emission events during MAO [13-15].

According to the breakdown theory, the growth
of oxide coatings is based on the formation of oxides
melted after a high-voltage breakdown and solidified
on the oxide metal surface. The energy dissipated during
a discrete high-voltage breakdown is mainly converted
into temperature, and some of the energy is converted
into elastic waves propagating in the material. Acoustic
emission (AE) signals recorded in the MAO process can
carry the information about the source of a discrete elec-
trical breakdown in the MAO process [16]. Therefore,
the parameters of the recorded AE signals can be used
to describe the kinetics of the oxide coating growth
in real time.

Special features of the MAO technology make it diffi-
cult to control any parameters of a formed coating during
processing. The surface thickness and roughness are one
of the most requested parameters determining the properties
and quality of the MAO-produced oxide coatings. These
parameters are most often found in the literature and chara-
cterize MAO coatings to the fullest extent from the techno-
logical and operational point of view.

The study is aimed to establish the dependence of the oxide
coating thickness and roughness on the micro-arc oxidation
modes and to search for the possibility of controlling
the parameters of a formed oxide coating in real time using
the acoustic emission method.

METHODS

Materials and samples

Plates 2 mm thick, 2020 mm in size cut from a DI6AT
aluminum alloy sheet in a naturally aged state and clad
on both sides with pure aluminum 100 pm thick were used
as the samples for the oxidation.

Micro-arc oxidation unit

The MAO implementation scheme is shown in Fig. 1.
Using a clamp, the sample is fixed in the electrolyte bath.
An acoustic emission transducer (AET) is connected
to a broadband amplifier and mounted on the sample above
the clamp to prevent electrolyte from getting on the AET
body, which is electrically isolated from the sample.
The module for registration and control of the MAO system
carries out the control of the MAO unit power source,
the registration of the oxidation electrical parameters (vol-
tage, current), as well as the registration of AE signals
during the oxidation process. The MAO system can be used
in two modes: voltage constraints and maximum current
constraints. It gives the possibility to control the nature
and mechanism of the oxide film growth.

The device ensures the formation of single-polarity
pulses of positive polarity. The unit scheme is based
on a three-phase double-wave rectifier with thyristor con-
trol. The electronic circuit diagram of the unit operates un-
der the control of a computer with specially configured
software. The rectifier generates voltage pulses with a fre-
quency of 300 Hz and adjustable duration, which is deter-
mined by the oxidation current or voltage in accordance
with the specified mode. In the work, the maximum current
constraint mode was used.

To prevent the electrolyte from heating above 40 °C
during oxidation, its thermostat control with the help
of a water-cooling coil located in a stainless steel bath and
acting as a cathode was used. For all the samples, MAO
was performed in an electrolyte of the composition
Na,SiO3 + KOH + distilled water [17; 18].

Registration and analysis of AE signals were performed
using a system based on the Adlink PCI-9812 analog-to-
digital converter and AE Pro 2.0 software. The GT301
broadband AET with a frequency range of 50-550 kHz was
used as an AE transducer. The amplification factor of the AE
signal amplifier was 40 dB. The AET was mounted
on a D16AT aluminum alloy plate, which was a continua-
tion of the sample.
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Fig. 1. The scheme of a unit for MAO and data registration:
1 — registration and control module; 2 — power source; 3 — oxidation cell;
4 —clamp; 5 — sample; 6 — bath, 7 — electrolyte;
8 — acoustic emission transducer (AET); 9 — amplifier
Puc. 1. Cxema ycmanosku M/[O u pecucmpayuu 0anHbIX:
1 — mooyne pecucmpayuu u ynpagienust; 2 — ucmouHux numanus; 3 — aueuxa Osi 6bINOIHEHUs OKCUOUPOBANUSL,
4 — ¢uxcamop, 5 — obpasey, 6 — 6anua; 7 — IneKMpoaum,
8 — npeobpaszosamensv axycmuyeckou amuccuu (I143); 9 — ycurumens

The experiment method

In this work, the application of the technique of multi-
factorial planning and analysis allowed determining
the degree of interrelation between the MAO process fac-
tors, as well as their influence on the parameters of the pro-
duced oxide coatings. The oxidation current density value i
and the oxidation time ¢ were the variable factors.

The oxidation modes specified by the two-factor experi-
ment planning matrix are shown in Table 1.

During oxidation, the actual value of the oxidation
pulse voltage Up was recorded at the load in the return
circuit. This parameter is necessary to control the MAO
process after establishing the relationships between
the specified modes and the target values of the coating
parameters.

After oxidation carried out in the planned modes,
the samples were washed in the distilled water and de-
greased. After that, the surface was analyzed using
the Hitachi S-3400N scanning electron microscope
(SEM) in two modes: the secondary electron (SE) mode
to observe channels formed as a result of MAO,
and the back-scattered electron (BSE) mode to study
the surface topography. Thickness & and surface rough-
ness R, were chosen as informative parameters of the re-
sulting oxide coating. The thickness of the coatings was
determined by SEM after the preparation of transverse
sections. Roughness R, was determined with the TR200
portable roughness meter.

To establish the relationship between the specified
MAO modes and the parameters of the produced oxide

Table 1. The experiment factor planning matrix
Tabnuya 1. Mampuya ¢hakmopHo2o nIaHUPOSAHUS IKCHEPUMEHMA

Samples
Factor
D1 D20 D10 D11 D5 D19 D12 D21 D9
Current density i, A/dm’ 22 48 74
Treatment time ¢, s 180 900 1620 180 900 1620 180 900 1620

Note. A number after the letter D in the designation of samples indicates the numerical order of a test series conducted during
the research and is not associated with the number of experiment factor planning. At least three experiments were performed in each

series to ensure its statistical repeatability and reliability.

IIpumeyanue. LJugppa nocne 6ykevt D 6 0603nauenuu 06pazyos o3navaem nopsiOKo8bill HOMep cepuu UCHLIMAHUL, NPOBOOUMBIX
60 8pEMSI UCCTIO0B8ANUIL, U HE CBI3AHA ¢ HOMEPOM QPAKMOPHO20 NIAHUPOBAHUsL IKCnepuMenma. B kacooil cepuu binonnsnocs
KaK MUHUMYM O MPU IKCREPUMEHMA, NO3BONAIOWUX 06eCcneyums e20 Cmamucmuieckyio nosmopsiemocns U 00Cno8epHOCHb.
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coatings, the regression analysis was used. The technique
consists in solving the linear regression equations using
the parameters of the MAO modes (oxidation current
density i and oxidation time ¢) as the input variable factors,
as well as the values of the parameters of the produced
oxide coatings (thickness 9o, surface roughness R,)
as the output results. The novelty of the study is in the use
of an additional factor — the AE amplitude recorded
in the monitoring mode during the entire oxidation process.

In addition to the parameters of the current density
and the total oxidation time, a parameter was used that was
defined as a period of time from the moment of cyclic
change in the AE amplitude recorded in the MAO process
to the end of the oxidation process. The paper considers
the results of the study of oxide coatings produced de-
pending on the specified MAO modes. Various periods
of a cyclic change in the AE amplitude were used as
an additional factor. The proposed approach allows increas-
ing the reliability between the calculated and experi-
mental values of the oxide coating parameters.

RESULTS

According to the modes specified in Table 1, the experi-
ments on the deposition of MAO coatings were carried out.
Depending on the specified modes, the effective value
of the pulse oxidation voltage Up, that is an important pa-
rameter determining the nature of the oxide coating for-
mation due to the spark and micro-arc discharges on the sur-
face of a passivated metal, changed during the oxidation
process. A time dependence Up(t) typical view for a sample
oxidized at the current density =48 A/dm” is shown in Fig. 2.
The arrows in figure indicate the oxidation time periods
for the samples: =180s is for D11, =900 s is for DS,
and =1620 s is for D19.

Fig. 3 shows the SEM images of the surface of MAO
coatings produced in accordance with the modes indicated
in Table 1, at the current density /=48 A/dm” and time li-
mits indicated in Fig. 2.

Fig. 3 shows that the surface uniformity decreases
significantly with an increase in the processing time.
In the MAO initial period, the low breakdown voltage does
not lead to the formation of molten oxides on the sample

400
D11

S 300
o
D 500
=
o
> 100

0

0 200 400 600 800

surface due to the low intensity of micro-arc discharges.
Moreover, practically the same dielectric properties
of an oxide layer along the entire surface make it possible
to uniformly distribute a dense grid of micro-arc discharges
over the sample. However, the increased current density
in the substrate protruding parts leads to a relatively rough
surface in local areas. In general, the roughness of the ini-
tial substrate surface influences greatly the quality of a re-
sulting MAO coating, since the oxide coating morphology
at this stage repeats the substrate surface, enhancing
the relief.

Fig. 3 ¢ shows the coating surface morphology at the next
oxidation stage limited by the experiment time constraints
(sample D19 in Fig. 2). According to the image obtained
using SEM in the SE mode, the diameter of channels in this
oxidation period practically did not increase. However,
the relief unevenness and the distribution of channels over
the surface caused by the formation of molten oxides over-
lapping the existing channels resulting from local intense
micro-arc discharges increased. The uneven distribution
of breakdown sites led to a significant increase in the coat-
ing surface roughness.

Three-dimensional graphs obtained using the cubic
interpolation of experimental data and shown in Fig. 4
allow visualizing the dependence of values of the oxide
coating parameters (6 and R,) obtained after oxidation
on the MAO modes (i, #). This is necessary when choos-
ing the range of optimal processing parameters. In the 3-D
dependence graphs, the dots mark the experimental va-
lues of the measured parameters obtained under the spe-
cified MAO modes.

The 3-D dependences show that the & and R, values do
not have the same growth function of the measured parame-
ter on the given factors (i, £) within the entire range [19],
and in a certain range of the factors’ values, a significant
change in the 6 and R, parameters is not observed.

To establish the relationship between the MAO modes
and the parameters of the produced coatings, a regression
analysis was carried out. The resulting regression equations
of the coating 6 and R, parameters measured during MAO
and one of the oxidation electrical parameters (the effective
value of the pulse oxidation voltage Up) are presented
in the formulas:

/

D19
DS

1000 1200 1400 1600 1800

MAO treatment time. s

Fig. 2. The diagram of the voltage dependence on the MAO time
Puc. 2. Juacpamma 3aucumocmu nanpsicenus om epemenu MJJO

10
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[ [
100um

Fig. 3. MAO-coating surface morphology for the samples:
a,b-Dll; c,d—D5;e f—DI9
Puc. 3. Mopgonoeus nosepxnocmu MIAO-nokpeimus 015 06pazyos:
a,b—DIll;c,d-D5; e f—DI9
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Fig. 4. 3-D dependences of the MAO-coating parameters on the specified factors: a — 6(i, £); b — R,(i, £)
Puc. 4. Tpexmeprvie 3asucumocmu napamempog M/JO-nokpvimuii om 3a0annvix pakmopos: a — o(i, t); b — R,(i, 1)

0=-12,199 +0,2819 xi+0,0123 x¢ ;
R, =-1,275+0,0327 xi+0,0015 x¢;
Up =95,37 +2,1875 xi+0,0757 x ¢ .

Table 2 shows the coating d and R, parameters obtained
experimentally and calculated by solving the linear regres-
sion equations using the corresponding MAO modes
for each sample.

Fig. 5 a shows that the dependences of both the experi-
mental and calculated values of the coating thickness &
on the stress Up have a rather high reliability of linear ap-
proximation and practically converge with each other.
The dependences of the experimental and calculated values
of the R, roughness on the Up voltage do not coincide ac-
cording to the linear approximation graphs (Fig. 5 b), which
is explained by the heredity of the sample surface relief
at a low thickness of the oxide coating.

However, from a practical perspective, the relation-
ship between the “experimental” and “calculated” values
of the oxide coating parameters (Fig. 6) can be an informa-
tive graph used for the assessment of the reliability of using
a linear regression model.

The displayed dependences show that the use of a li-
near regression model to determine & and R,, by calcula-
tion and experimentally, had poor accuracy (error level —
0.9 and 0.8, respectively). In this regard, the authors de-
cided to use additional parameters obtained using
the AE method.

Fig. 7 shows the time diagrams for the amplitude
of the AE signals recorded during the MAO process.
The signals are single pulses following periodically during
the entire period of oxidation. The AE signal repetition pe-
riod depends on the frequency of the pulse generator
of the MAO unit. The amplitude and other AE signal pa-
rameters depend on the mode and features of oxidation.

As for the time dependence of the AE signal amplitude
(Fig. 7), the diagrams show the differences depending
on the specified values of the current i and the time ¢ passed
from the oxidation onset. It should be noted that the nature
of the change in the amplitude of the AE signals recorded
in the initial oxidation period retains regardless of the cur-
rent density i. Depending on the oxidation modes, several
cycles of the increase and subsequent decrease in the ampli-
tude of the recorded AE signals can be observed. However,
the period when the cycle of change in the AE amplitude
proceeds is different for different values of the oxidation
current density.

The process of changing the amplitude of the recorded
AE signals can be divided into 4 stages. The boundaries
of the stages are marked with letters and compared
to the change in time of the recorded voltage Up value.
For the quantitative assessment of the values of the AE am-
plitude recorded during the MAO process, the authors used
as an additional new factor the values of the time periods
(AN, BN, and CN) from the end of each of the stages
(OA, AB, and BC, respectively) to the end of the MAO pro-
cess. These periods were used to construct the linear regres-
sion equations and are shown in Table 3 as the oxidation
factors P;, P,, and P;.

It should be noted that in Table 3, the values of the P,
and P; parameters are actually absent for some modes.
This is caused by the fact that when selecting the modes
with a short oxidation time or low current density, the oxi-
dation process may not reach the P, or P; stage.

The linear regression equations when calculating
the values of the coating parameters using the P, factor take
the form:

6=11,922 + 0,018 xi —0,2267 xt + 0,2426 x B ;

R, =2,3277 —0,0067 x i —0,0344 x ¢ +0,0362 x P, .

12
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Table 2. Values of MAO-coating parameters

Tabénuya 2. 3nauenus napamempos M O-noxpvimus

MAO-coating parameters
Sample No. Experimental values Calculated values
5, um R,, pm U, V 5, pm R,, um Un, V
D20 5.4+0.8 0.77+0.08 198+10 6.33 0.79 212
D10 10.1£2.1 0.87+0.10 254+14 16.20 1.87 266
D11 4.1£1.0 0.71+0.11 254+14 3.80 0.56 214
D5 12.4+2.2 1.33+0.22 28114 13.67 1.64 269
D19 28.4+2.7 3.16+0.34 348+15 23.53 2.72 323
D12 5.5+1.0 0.83+0.11 254+12 11.41 1.45 273
D21 24.6£2.6 1.84+0.25 343+16 21.27 2.53 328
D9 32.1+£2.7 4.97+0.36 362+16 31.14 3.61 382
40 6
35 A _% 5 | rE
g 30 |6=01534U-27.507 | € R,=0.0248U-53785 —
2 _ |
1. | R=08948 s 4 R*=0.7416
0 o
§ 20 | g 3
g 15 | £
S £ 2 | R,=0.0172U-2.9684 +
£ 10 3 R?=0.9691—
6=0.159U - 29.368 < 1 |
5 R? = 0.9521 '
0 # : : 0
0 100 200 300 400 500 0 100 200 300 400 500
Voltage U, V Voltage U, V

A Calculated value ® Experimental value

A Calculated value

® Experimental value

Fig. 5. The dependences of experimental and calculated values
of the parameters of coatings on the voltage Up:

a—3(Up); b—R,(Up)

Puc. 5. 3asucumocmu IKCnepumernmalbHblx U pacyenmvlx 3HAYEHULL

napamempog nokpvimuii om Hanpsxcenus Up:

a—0(Up); b—R(Up)

Frontier Materials & Technologies. 2023. Ne 1

13



Bao F., Bashkov O.V., Zhang D. et al. «The study of the influence of micro-arc oxidation modes on the morphology and parameters...»

40 (y) (v)

y=1.3388x-0.7287
R?*=0.8065 %

(o))

o
1

35 1 y=1.1762x - 3.3965 ,
30 A R?=0.9 % %

20 -

54 8 @

0 — : : (x) : (x)
0.0 100 200 300 400 0 1 2 3 4

Thickness (calculated), pm Roughness (calculated), pm
a b

~
1

N
1

[any
1

[
R ]
Lol
0l

Roughness (experimental), um
w
F—0—

o

Thickness (experimental), um

Fig. 6. A graph relating the experimental and calculated values of the MAO-coating parameters:
a — coating thickness; b — coating roughness
Puc. 6. I'pagpux, cesasviearowuii IKCnepuMeHmaibHble u pacyemmuule sHaverus napavempos MAO-nokpeimusi:
a — moawuHa nokpvimus; b — wepoxosamocns nokpvimus

400 6000 400 nr c N 6000
350 >
350 5000 E M, 5000 €
> 300 > >:300 / : oy
- () Y - 4000
S 250 4000 5 = 250 {0 T
o £ @ 200 foe 58 3000 S
% 200 3000 3§ 20 : | o
£ e £ £150 s |, £
o 2000 ® o o S - 2000 @
= w = 100 S ; w
100 < e ORI N I
50 1000 50 3 AN © e
0 < T T T 0 0 ! 0
0 500 1000 1500 0 500 1000 1500
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c
Fig. 7. Time diagrams of the AE amplitude and oxidation voltage registered during MAO:
a—sample D10; b — sample D19; ¢ — sample D9.
In the diagrams: A — the boundary of the 1 and 2 stages; B — the boundary of the 2 and 3 stages;
C — the boundary of the 3 and 4 stages; N — MAO process termination
Puc. 7. Juacpammul 8pementvix 3agucumocmeti amnaumyost AD u Hanpsdicenus okcuouposanus,
peaucmpupyemvix 8 npoyecce MJ[O:
a —obpazey D10; b — obpazey D19, ¢ — obpaszey DY.
Ha ouazpammax: A — epanuya cmaouti 1 u 2; B — epanuya cmaouii 2 u 3;
C — epanuya cmaouii 3 u 4, N — 3asepuenue npoyecca MO
14
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Table 3. AE parameters
Tabnuua 3. Ilapamempor AD

Ocxidation Sample No.
period,
S D1 D20 D10 D11 DS D19 D12 D21 D9
AN (Py) 109£5 808+7 151548 135+7 859+6 15755 151£7 868+8 1587+5
BN (P,) - 400+£15 690+20 — 700+18 1394+16 46=x10 768+14 1479+14
CN (P3) - - - - 70423 79520 - 258+18 984+21

The linear regression equations when calculating
the values of the coating parameters using the P, factor take
the form:

6=-7,8397 + 0,018 xi —0,0014 x¢+0,0174 x P, ;
R, =-1,2374 —0,0229 x i+ 0,00000955 x ¢+ 0,0026 x P, .

The linear regression equations when calculating
the values of the coating parameters using the P; factor take
the form:

§=—-0,0001 + 60,3825 xi +8,5813 xt —8,5x P, ;
R, =1528,2181 —9,1459 x i — 131 x¢ +13x P, .

Table 4 gives the values of the coating 6 and R, parame-
ters obtained experimentally and calculated by solving
the above equations using an additional factor.

At the first stage OA4 up to a voltage of 150-250V,
at a certain point, a rather rapid growth of the signal ampli-
tude to the values of 2500-3000 mV begins. Then, the sig-
nal amplitude starts to gradually decrease. The greater is
the oxidation current density, the higher is the decrease
rate. Hereinafter, the amplitudes of the signals recorded
by the GT301 model AET mounted on a duralumin
plate, acting as a waveguide and being a continuation
of the sample used in the oxidation, are given. After
a certain oxidation time, the amplitude of the recorded
signals reaches a certain minimum (4B stage), following
which, the amplitude growth resumes and reaches a new
maximum (BC stage). Further, depending on the MAO
duration, the process of changing the amplitude of the record-
ed AE signals can reoccur. One more full cycle of the de-
crease and subsequent increase in the amplitude is ob-
served during the oxidation of samples with a current den-
sity of 48 and 74 A/dm’.

Fig. 7 demonstrates that at the initial stage OA, at a high
rate of the oxidation voltage Up growth, the formation
of a barrier film and the appearance of a luminescence
begin on the anode surface, accompanied by the formation
of a large number of small bubbles. The amplitude
of the recorded AE signals starts from 5-50 mV at the be-
ginning and rapidly increases to 2300 mV by the end
of the OA stage.

Fig. 8 shows the graphs relating the experimental
and calculated values of the MAO-coating parameters with
the participation of the AE P, factor as an additional factor
in the regression calculation. The OA stage boundary
for determining the P, parameter is the achievement
of the maximum AE amplitude values in the first cycle
of the AE amplitude change during the oxidation period.

Using the P, stage achievement time, it can be identified
that the reliability of the linear approximation between
the calculated and experimental values of the thickness &
and oxide coating roughness R, is much higher (Fig. 8)
compared to the results of the regression calculation with-
out the additional P, factor (Fig. 6).

The three-dimensional dependence in Fig. 4 illustrates
that the coating roughness increases sharply when a certain
critical line 1 is reached under the action of two factors.
However, during the oxidation period corresponding
to the first stage OA (Fig. 7 a), no sharp increase in the co-
ating roughness R, is observed, since during this period,
a barrier layer is formed without the stable growth of the oxide
coating, and the roughness is determined by the hereditary
relief of the sample surface prepared before oxidation.

Therefore, the results of linear regression by the P; fac-
tor characterizing the coating roughness have a rather low
value of the reliability of the linear approximation
R’=0.8217 with the experimental values (Fig. 8 b).

At the AB stage (Fig. 7 c¢), when the breakdown poten-
tial of the passivating film is reached, spark discharges
gradually appear on the anode surface. The average value
of the AE amplitude at the 4B stage decreases to a value
of 800 mV, which is minimal in the first cycle of changing
the AE signals amplitude.

Fig.9 shows the graphs relating the experimental
and calculated values of the thickness 6 and roughness R,
of the coating when using the AE P, factor in the regression
analysis. As opposed to the P, factor, the time period de-
termined by the change in the amplitude of the recorded AE
signals shifts to the right along the time axis and is defined
as the BN period from the moment the AB stage is complet-
ed to the end of MAO. The AB stage boundary for deter-
mining the P, parameter is the achievement of the mini-
mum AE amplitude values at the beginning of the second
cycle of the AE amplitude change.

It should be noted that the P, factor determined
by the initial stage of treatment includes both the MAO pe-
riod and the period when a sample reaches the passivation
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Table 4. Test results
Tabénuya 4. Pezyromamul sxcnepumenma

Experimental values Calculated values
Sample No. &, um R, pnm
8, pm R, pm
Pl Pz P3 Pl PZ P3
D20 5.4+0.8 0.77+0.08 4.3 4.4 - 0.5 0.31 -
D10 10.1+2.4 0.87+£0.10 12.6 10.4 - 1.3 1.07 -
D11 4.1+1.0 0.71£0.11 4.7 - - 0.7 - -
D5 12.4+2.5 1.33+0.22 17.2 14.5 16.7 2.1 1.70 1.32
D19 28.4+2.7 3.16+0.34 27.6 27.5 32.7 33 3.51 3.14
D12 5.5£1.0 0.83+0.11 9.1 7.0 - 1.1 0.60 -
D21 24.6+£2.8 1.84+0.25 19.8 20.5 28.9 2.3 2.49 1.83
D9 32.14+2.7 4.97+£0.36 31.0 33.9 36.4 3.5 4.35 4.95
£ 40 (v) e W
3
i 35 4 y=1.0926x-1.933 =c y =1.1928x - 0.4003
T 5] R?=09327 % = R?=0.8217 %
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Fig. 8. A graph relating the experimental and calculated values
of the thickness 6 (a) and roughness R, (b) of the coating with the participation of the P, factor
Puc. 8. I'paghux, ceazvisarouuii IKCNEPUMEHMANbHBLE U PACYENHble 3HAYEHUS]
momwunsl 0 (a) u wepoxosamocmu R, (b) nokpvimus npu yyacmuu ghaxmopa P
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Fig. 9. A graph relating the experimental and calculated values
of the thickness o6 (a) and roughness R, (b) of the coating with the participation of the P, factor
Puc. 9. I'pagux, cesasviearowuii IKCNEPUMEHMATbHYIE U PACHEMHbIE SHAYEHUS
monwunsl 0 (@) u wepoxosamocmu R, (b) nokpvimus npu yuacmuu ghaxkmopa P,

potential, during which there is no stable growth of the oxide
coating due to the MAO mechanism. Therefore, the use
of the P, parameter as compared to P;, which is determined
by the processing time during the BN period, makes it pos-
sible to further increase the reliability of the approximation
between the values of the calculated and experimental data
for determining the coating thickness and roughness.

At the BC stage (Fig. 7), the average amplitude of the AE
signals increases as the oxidation voltage increases up
to a maximum value of 2500 mV with a large dispersion
of values. An increase in the signal amplitude occurs
with a simultaneous increase in the size and brightness
of individual micro-arc discharges on the anode surface.

Fig. 10 presents a graph relating the experimental
and calculated values of the coating thickness & and rough-
ness R, when using the additional P; factor in the regression
analysis. The achievement of the maximum AE amplitude
values in the second cycle of the AE amplitude change dur-
ing MAO is the boundary of the BC stage for determining
the P; parameter. The CN period is defined from the end
of the BC stage to the end of MAO.

Fig. 7b, 7 ¢ show that the C boundary shifts backward
along the time axis with an increase in the current density i.
In combination with the analysis presented in Fig. 4 b, 4 c,
one can see that for different samples, the time points
determined by the C stage boundary almost coincide

in the same range of two contour lines of the § value change.

It indicates that there is a relationship between the CN peri-
od, determined according to the AE amplitude change,
and the coating thickness 3.

The abovementioned analysis proves that the P; factor
has a closer relationship with the MAO-coating parameters
than the P; and P, factors. Using the P; stage achievement
time as an additional factor in solving the linear regression
equations, as shown in Fig. 9, it is possible to achieve
the approximation reliability equal to 1 between the values
of the calculated and experimental data on the coating
thickness and roughness.

DISCUSSION

The results of the analysis of three-dimensional de-
pendences showed that the change in the coating thick-
ness and roughness is nonlinear within the range
of the oxidation period =180-1620 s and the current
density i=22-74 A/dm’. This makes it inappropriate to use
a linearly changing parameter (processing time, current den-
sity) to establish the dependences of the resulting coating
parameters on the MAO modes.

One of the conventional solutions to this problem is
the use of a non-linear variable concurrent parameter —
the effective impulse voltage Up. However, the results
of study of the dependence of the coating parameters
on Up showed poor accuracy for determining & and R,
(the error level is 0.89 and 0.74, respectively). A known
effective way to increase the reliability of the established
dependences is to use the linear regression technique. Ac-
cording to the results of the regression equations calcula-
tion, one can see that the reliability of the approximation
between the values of the calculated and experimental
data was 0.90 for the coating thickness values and 0.81 —
for the roughness.

The registration of the AE amplitude in the monitoring
mode allowed increasing the reliability and accuracy of de-
termining the values of coating parameters when using
the regression analysis. The results of the study of the re-
corded AE signals within the MAO modes set in the work
showed several cycles of the increase and subsequent
decrease in the amplitude. The causes for the change
in the amplitude can be explained by the mechanism
of the ongoing process of the oxide coating formation
and growth under the conditions specified by the oxidation
modes. Multiple formation of bubbles at the OA stage,
which is not yet associated with the formation of sparks and
micro-arcs on the anode surface, leads to coherent combin-
ing of an acoustic noise from their collapse and, as a conse-
quence, to an increase in the amplitude of the AE signals
[20]. The P, parameter defined as the AN period eliminates
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Fig. 10. A graph relating the experimental and calculated values
of the thickness ¢ (a) and roughness R, (b) of the coating with the participation of the P; factor
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the negative effect of the initial OA4 period, when the elec-
trical breakdowns have not yet begun, on the linear depend-
ence determined by the regression equation. It explains
the increase in the accuracy of determining the oxide coat-
ing thickness up to 0.93 and the roughness up to 0.82
when using the P, parameter as an additional factor.

The transition to the passivation state caused by the for-
mation of a dense but still rather thin barrier layer leads
to an increase in the size and a decrease in the number
of bubbles occurring on the surface due to the formation
of the first spark breakdowns, the number and energy of which
gradually increase as the breakdown potential and the ox-
ide film increase. Due to a change in the noise generation
mechanism, the amplitude of the recorded AE signals first
slightly decreases at the AB stage, but as the spark break-
down quantity and the oxide film thickness increase
at the BC stage, it again increases. It is confirmed
by the surface morphology of the coatings produced
at various stages of oxidation. Fig. 3 a and 3 d show
the coating surface obtained at the 4B stage, where only
multiple very-small-diameter channels are visible, charac-
terizing the sparking onset. The replacement of the P,
parameter in the regression analysis with the P, parameter
determined by the BN period duration increases the accu-
racy of determining the coating thickness to 0.96
and the roughness — to 0.91.

Fig. 3 b and 3 e demonstrate the oxidized sample sur-
face at the same current density at the end of the BC
stage. One can assume that the BC stage is a transition
stage between the spark and micro-arc oxidation pro-
cesses. The increase in the amplitude of the AE signals is
obviously associated with an increase in the pore diame-
ter caused by an increase in the pulse energy as a result
of sparking.

A further increase in the coating thickness at the CN
stage first leads to a decrease in the number of breakdown
channels, which are the centers of micro-arc discharges
at this stage, and, as a result, to a certain decrease
in the amplitude of the recorded AE signals. The use of the

P; parameter determined by the CN period duration in-
creased the accuracy of determining the thickness and rough-
ness to 1. The results of the study demonstrate the im-
portance of the influence of the oxidation duration
at the final stage on the quality of the resulting coating.

The division of the oxidation time into periods charac-
terizing a certain oxidation mechanism allows increasing
the reliability of the relationship between the calculated and
experimental values of the coating parameters.

It should be noted that the proposed approach has some
constraints. These constraints include the absence of the P,
and P; parameters for a certain ratio of oxidation time
and current density, at which the oxidation process stays
within the spark breakdown limits and does not go into
the micro-arc mode. For these modes, either the CN stage
or the BC and CN stages at the same time will be absent.

MAIN RESULTS AND CONCLUSIONS

The paper proposes a technique that allows establishing
the dependence of the parameters of the oxide coating de-
posited on the D16AT aluminum alloy on various MAO
modes. The technique is based on the solution of linear
regression equations obtained as a result of an experiment
with two factors: time and current density of oxidation.
The reliability of the relationship between the experimental
and calculated values of the oxide coating thickness and
roughness was 0.89 and 0.74, respectively.

The introduction of an additional factor, defined as a pe-
riod of time from the moment of reaching the minimum or
maximum value of the AE signal amplitude cyclically
changing during the oxidation process until the end of oxi-
dation, increases the reliability of the linear approximation
between the values of the coating parameters obtained ex-
perimentally or by calculation. The use of the time period
from the moment of reaching the maximum value in
the second cycle of the AE signal amplitude change to
the oxidation process termination allows maximizing
the reliability of the coating parameters’ values obtained

18
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by

calculation as a result of solving the linear regression

equations against the values obtained experimentally.

The addition of the proposed technique with a third con-

trolled factor allows expanding its functionality and apply-
ing it in the online monitoring mode during the MAO pro-
cess to increase the reliability of obtaining the specified
values of the oxide coating thickness or roughness.

10.
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Annomayun: IHHEKTUBHBIM CIIOCOOOM 3aLIUTH BEHTHWJIBHBIX METAJIOB M UX CIUIABOB SIBISETCS METOI MHUKPOIYTOBO-
ro okcuauposanust (M/10), B HacTosiee BpeMsi IPUMEHSIEMBIH B Pa3sIMYHBIX OTpacisix. OJHAKO IS JOCTIHKEHHS XKemae-
MBIX XapaKTEPUCTUK M CBOMCTB OKCUIHBIX MOKPBITHI TpeOyeTcs OOJBIIOE YHCIIO SIKCIIEPUMEHTOB IO ONPECICHUIO ONTH-
MAaJIbHOTO peXHMa OKCUIUPOBaHUS, 4To fenaeT Mmeroa MJIO TpynoeMkuM U pecypcosaTpaTHsiM. OHUM U3 myTeil pere-
HUSI IaHHOM TPOOJIEMBI SIBIISIETCS] MOUCK MH(POPMATUBHOTO MapaMeTpa WIIM HECKOJIBKUX MapaMeTPOB, HCIOIb30BaHUE KO-
TOPBIX MIPU MOHUTOPHUHTE IIpoIlecca OKCUANPOBAHUS MO3BOJIUT YCTAHOBUTH CBA3b MexkAy peskumamu MJIO u 3agaHHBIMU
XapaKTepUCTUKaMU OKCHAHBIX NMOKpPHITHH. B paboTe M3ydeHO BIMSHHE 3aJaHHBIX TEXHOJIOTMYECKHX pexkumoB MJIO
(IJIOTHOCTH TOKa, BPEeMEHH OKCHUIMPOBAHMS, perucrpupyemMoit B mporecce MJIO aMIIUTyasl CUTHAJIOB aKyCTHYECKOH
smuccud (AD)) Ha MOP(OIIOTUIO U MapaMeTPhl OKCHIHBIX MOKPBITHI (TOJIIMHY & W IIEPOXOBATOCTh MOBEPXHOCTH R,),
HAaHOCHMEBIX Ha almfoMUHUEBHIH cruiaB J[16AT, miakupoBaHHBINA YHCTHIM aTfOMHHHAEM. MHOTO(aKTOpHOE TUTaHUPOBAHHE
9KCIIEPUMEHTA M MIPOBEICHHBIN PErpeCCHOHHBIN aHAIN3 MO3BOJIMIIM YCTAHOBUTD CBS3b MEXKAY IBYMS (haKTOpaMH OKCHUIH-
poBaHMs (IUIOTHOCTHIO TOKa M BPEMEHEM OKCHIMPOBAHMSA) U MapaMeTpaMH IOIydaeMbIX MOKpHITHH. [Ipemnoxen gomo-
HUTEJBHBIN (DaKTOp, ONpPEACIIEMBI B pe)KUME MOHUTOPHHTA B IIPOIIECCE OKCHIANPOBAHMS KaK BPEMsl OT MOMEHTa JOCTH-
JKEHMSI MaKCUMyMa WM MHHUMYMa peructpupyemoit B nponecce MJIO ammautyasl AD 10 OKOHYaHUS IpoLecca OKCUAU-
poBaHMs. YCTaHOBIJICHO, YTO BBEJCHHUE JOMOJHHUTEILHOTO (haKTOpa MO3BOJISET CYIIECTBEHHO MOBBICHTH JIOCTOBEPHOCTD
3aBHCHUMOCTH MEXAY IapaMeTpaMy MOKPBITHH, MOTydyaeMbIMH SKCIIEPUMEHTAIBHO M PACUETHBIM METOJIOM Ha OCHOBE per-
peccuoHHOTrO aHanu3a. OTMeueHo, 4To npH BeinodHeHHH M/JIO BbICOKast JOCTOBEPHOCTh MEXy PAaCUeTHBIMH M (paKTHUe-
CKMMH 3HAUCHISIMH I1apaMEeTPOB OKCHIHBIX MOKPBITHN MOXET OBITh JOCTUTHYTA IMpPU JONOJHUTEIHHOM MOHHTOPHHIE
mnporiecca MJ1O mmyTem perucTpariiiv aMIuuTyas AD.

Kniouegvie cnoea: MuKpoIyroBoe OKCHIMPOBAHUE, OKCHUAHOE MOKPBITHE; aKyCTHUECKasi IMUCCHUS; MHOTO(AKTOPHBIN
aHau3; MOP(OJIOTH NIOBEPXHOCTH; aAIFOMIUHHEBHIH cruiaB; J{16AT; crutaBbl BEeHTHIIBHON TPYIIIE.
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Abstract: One of the important parameters ensuring the production of a welded joint without continuity defects during
friction stir welding is the provision of the required temperature in the metal bonding zone. Significant difficulties arise
when determining experimentally the temperature directly in the stir zone of metals using thermocouples. In this regard,
the application of numerical methods describing the distribution of temperature fields during friction stir welding is rele-
vant. In the work, numerical modeling of temperature fields during friction stir welding was used, which was based on
the finite element method using Abaqus/Explicit software. Modeling was carried out taking into account the coupled Euler —
Lagrange approach, the Johnson — Cook plasticity model, and the Coulomb friction law. Using the finite element method,
the models of a part, substrate, and tool were constructed taking into account their thermophysical properties. To reduce
the computation time, an approach based on the metal mass scaling by recalculating the density of the metal and its ther-
mal properties was used. The authors matched coefficients of scaling of the material mass and heat capacity for
the selected welding mode parameters. To evaluate the validity of the results of numerical modeling of temperature fields
during friction stir welding, the experimental research of the temperature fields using thermocouples was carried out.
The paper shows the possibility of numerical modeling of temperature fields during friction stir welding with the help of
the coupled Euler — Lagrange approach and Abaqus/Explicit software. Due to the application of the approach associated

with material mass scaling, the calculation time is reduced by more than 10 times.
Keywords: friction stir welding; AA5083; coupled Euler — Lagrange approach; numerical modeling of temperature

fields.

For citation: Zybin 1.N., Antokhin M.S. Numerical modeling of temperature fields during friction stir welding of
the AAS5083 aluminum alloy. Frontier Materials & Technologies, 2023, no. 1, pp. 23-32. DOI: 10.18323/2782-4039-

2023-1-23-32.

INTRODUCTION

Friction stir welding (FSW) is one of the modern and
advanced methods for producing goods from aluminum
alloys. The formation of a welded joint is carried out in
the solid phase without melting the parts to be joined,
which is the advantage of this method compared to
the traditional arc welding methods. The strength of
welded joints produced by FSW, as a rule, is 90-95 % of
the base metal strength [1-3]; however, it can reach
the strength of the base metal as well. Bending tests
show that the destruction of welded samples occurs
along the base metal [1].

The main parameters of the process, characterizing
the welded joint formation during FSW without defects
include the provision of the required temperature in
the welding zone. The base amount of heat is released as
a result of friction of a tool with the parts to be welded.
In this case, the amount of heat released during welding
affects the seam structure, the width of a heat-affected
zone and the welded joint quality. The geometric shape
of a tool pin significantly influences the processes of
heat generation.

To determine the temperatures in the metal joining zone
during FSW, experimental and theoretical studies are used.

Thermocouples are widely used in experimental studies. At
the same time, it is virtually impossible to determine
the temperature using thermocouples directly in the mixing
zone of metals. Moreover, such studies require significant
time expenditures (thermocouples preparation and fullering).
In this regard, the numerical methods are widely used to
study the distribution of temperature fields during FSW. As
a rule, these methods are based on the use of the finite ele-
ment method.

Finite element models used in FSW can be divided in-
to three types: thermal, thermomechanical without flow,
and thermomechanical models with flow. According to
the Lagrange approach, in the models with flow, the ele-
ments can be strongly distorted and the final results may
be inaccurate. To avoid grid distortion, several modelling
methods are used: the adaptive model grid refinement and
the arbitrary Euler — Lagrange approach. The flow-based
models are developed using the computational fluid dy-
namics software systems. The impossibility to take into
account the hardening of the material is a disadvantage of
this method, since here a rigid-viscous-plastic material is
considered.

The flow-based models are also developed using
the coupled Euler — Lagrange approach [4—6]. This me-
thod of analysis combines two approaches: Euler’s and
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Lagrange’s. A tool is modeled as a rigid isothermal La-
grange body, and has a “reference point” control point,
and a part is modelled using the Euler approach. With
the help of a contact, the direct interaction of a tool and
a part is simulated [6]. The works [7; 8] prove the effi-
ciency of applying the coupled Euler — Lagrange approach
when modelling the FSW process. Therefore, to obtain
proper results when studying the distribution of tem-
perature fields during FSW, the coupled Euler — La-
grange approach should be used. However, one should
take into account the change in the material thermo-
physical properties depending on the temperature [9; 10],
and the Johnson — Cook material plasticity model,
the utilization efficiency of which is proved by the results
of experimental tests in the work [11] during the numeri-
cal modelling of the FSW process.

The FSW studies are carried out in various commercial
software, such as: ABAQUS, DEFORM-3D, ANSYS,
FORGE 3, LS-DYNA. However, the thermomechanical
models built in DEFORM-3D and ABAQUS turned out to
be better than the models built in other software, which
allowed obtaining a theoretical distribution of temperature
fields relevant to the experimental data.

It is also important to significantly reduce the time of
theoretical calculations when developing a model, since
such calculations can take up to 500 hours or more, de-
pending on the personal computer capabilities, the task
complexity, and the weld length. To reduce the calculation
time, two approaches are used: “Time Scaling” and “Mass
Scaling” under the condition that the deformation rates
and inertial forces remain small. Mass scaling is carried
out by recalculating the metal density. Time scaling is
carried out by replacing the time with a fictitious variable.
However, in both cases, to maintain the proper distribu-
tion and take into account the heating temperature,
the material thermal properties are recalculated. These
approaches allow saving the calculation time without
the loss of the result accuracy.

The study is aimed at the computer simulation of
the distribution of temperature fields during FSW of
the AAS083 aluminum alloy, based on the coupled Euler —
Lagrange approach, which reduces the time of theoretical
calculations virtually with no loss of their accuracy.

METHODS

Modelling of the distribution of temperature fields dur-
ing welding of the AAS083 aluminum alloy was carried
out in the Abaqus/Explicit software product. The model
was based on the coupled Euler — Lagrange approach and
on an explicit integration scheme designed to calculate
non-stationary dynamics, quasi-statics, and rapid process-
es. The Abaqus/Explicit software product allows applying
the Coulomb friction law, the Johnson — Cook material
plasticity model, and includes discontinuous nonlinear
behaviour.

To simulate the temperature fields during FSW,
a joint solution of strength and fluid dynamics tasks is used —
the coupled Euler — Lagrange approach in a three-
dimensional formulation [12; 13]. This method allows simu-
lating fluid dynamics tasks on the Euler grids and dynamic

strength problems on the Lagrange grid within a single spa-
tial solution.

The model included a part, a substrate, and a tool. In
this respect, the material of the part and the substrate was
modelled within the Euler approach, and the tool material
was modelled within the Lagrange approach [14].
The peculiarity of such simulation is that the generation of
a finite element grid on the part and substrate was per-
formed only on the area constructed within the Euler ap-
proach.

The Lagrange grid nodes are connected to the material.
The model grid elements and the boundaries of these grid
elements coinciding with the boundaries of the material are
deformed under the force action. The Lagrange grid ele-
ments themselves are filled with the material. The finite
element models of the part, substrate, and the tool with
the substrate were constructed using the EC3DSRT and
C3DSRT elements, respectively, which are three-dimen-
sional eight-node elements. In the nodes of model elements,
four degrees of freedom were available: movements along
three mutually perpendicular axes and the temperature de-
gree of freedom.

The contact between the model elements took into
account the Coulomb friction law, where the sliding fric-
tion force is proportional to the normal force acting be-
tween the bodies. The sliding friction coefficient for
a metal-metal pair is usually in the range of 0.15-0.3.
Within the numerical modelling, its value, as a rule, is
assumed to be constant [15]. To simulate the distribution
of temperature fields, the sliding friction coefficient was
chosen to be 0.15.

Modelling of the distribution of temperature fields was
performed for the base metal in the form of a sheet of
the AAS083 alloy 5 mm thick. An AISI 1020 steel sheet
10 mm thick was chosen as a substrate material. The weld-
ing mode was chosen taking into account the absence of
continuity defects in the welding zone: the tool rotation
speed is 560 rpm, the welding speed (the longitudinal tool
feed) is 40 mm/min. The angle of tool inclination to
the vertical was 2°. The depth of penetration of a tool
shoulder into the part is 0.1 mm. The geometric dimensions
of the tool are shown in Fig. 1.

Fig. 2 shows the models of a part with a substrate and
a tool constructed using the finite element method.
The model of the part with a substrate included 6000 ele-
ments, and the model of the tool — 2741 elements.

To account for the plastic deformation of the model
elements, the empirical Johnson — Cook plasticity model
was used, which took into account kinematic hardening,
the effects of isotropic hardening, the deformed metal adia-
batic heating, and the temperature changes. In this model,
the yield strength is determined by the following formula
[16; 17]:

o, =[4+B-2) ] 1+Cln(gJ 1 (Tm—Tr , (1)

where o, — is the yield strength;

8; — is the effective plastic strain;
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T,, — is the melting temperature;

T, — is the room temperature;

T — is the material temperature;

A, B, C, n, m, gy — are the model parameters.

The scaling ratio value is chosen equal to £,=400. When
solving the formulated task, the Navier thermoelasticity
equation is used:

The model parameters (1) are shown in Table 1. 2 ou
In the current work, an approach related to metal mass weVSut(htp)-Verr(E)=a-d-V-T = PV €)
scaling is selected to reduce the calculation time.
The metal density was calculated as per the formula
where E — is the linear strain tensor;
p*=k,p, (2) uand A — are the Lame coefficients;
T — is the temperature;
where p* — is the fictitious density; o-— 'is the thermal expansion coefficient;
k, — is the scaling ratio determining what fold approxima- %~ 13 the dlspllacement vector;
tely the calculation time will be reduced (k,>1); p — is the density;
p — the material density. [=1s ’the time;
The scaling ratio k,, is chosen so that the inertial forces V — is the nabla operator;
on the right side of an equation (2) remain small. tr — is the £ matrix trace.
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When replacing the density with a fictitious one, ther-
mal constants change. The influence of this effect was
compensated by recalculating the material heating capacity
as per the formula

e =c,k;', 4)

where c,* — is the fictitious density;
k, — is the heating capacity scaling ratio;
¢, — 1s the material heating capacity.

Since the value of the right side of the equation (3) has
increased, the minimum stable time increment of the expli-
cit solver increases [23].

The heating capacity scaling factor k, was selected to
reduce the calculation time, while providing the accuracy
comparable to that when simulating the distribution of tem-
perature fields without the metal mass scaling. The heating
capacity scaling ratio k, was assumed to be equal to
the mass scaling factor £,,=400.

To verify the validity of the computer simulation results,
the authors carried out an experiment on butt welding of two
parts 5 mm thick made of the AA5083 aluminium alloy. Weld-
ing was performed on a FSS400R vertical turning mill using
a tool, the geometric dimensions of which are shown in Fig. 1.
The tool was made of H13 tool die steel. The tool hardness
was 53...57 HRC after quenching in oil and next tempering.
To study temperature fields, the authors used a LTR modular
data acquisition system with an LGraph2 multichannel record-
er and a K-type thermocouple (chromel-alumel).

A thermocouple layout is shown in Fig. 3. To im-
prove the accuracy of the results of obtaining the distri-
bution of temperature fields, two groups of thermocoup-
les were prepared.

RESULTS

The temperature distribution on the surface of welded parts
during computer simulation of the FSW process without mass
scaling and with scaling (k,=k,=400) is shown in Fig. 4.

From Fig. 4, it is evident that with the selected scaling
factors, the distribution of temperature fields differs signifi-
cantly. Therefore, it was necessary to update the scaling
factor k,. Based on the comparative analysis of the obtained
temperature fields without and with scaling, the heating
capacity scaling ratio was assumed to be 257. After that,
the simulation of the temperature fields’ distribution was
repeated. Fig. 5 shows the temperature distribution on
the surface of welded parts during computer simulation of
the FSW process without mass scaling and with scaling
(k,=400; k,=257). According to the simulation results,
the welding area maximum temperature was 584 °C.

Fig. 6 shows the location of thermocouples before weld-
ing (a) and after welding (b) of parts during the investiga-
tional study when producing a butt welded joint.

The results of the investigational study are shown
in Fig. 7.

Fig. 8 presents the experimental data and data obtained
during numerical modelling for the considered points of
installing the 1 and 2 thermocouples.

DISCUSSION

The analysis of the obtained distribution of temperature
fields presented in Fig. 5 showed a slight difference be-
tween this distribution when using mass scaling and with-
out scaling. With the selected scaling factors, the distribu-
tion of isotherms differs by no more than 6 %. In this case,
the calculation time was reduced from 600—700 hours (ap-
proximate value) to 60 hours.

The maximum temperature values in the welding area
obtained in this work as a result of numerical modeling
(584 °C) are in good agreement with data of some works
where the FSW process simulation was performed. In par-
ticular, in the work [19], during numerical modelling of
temperature fields when producing a FSW butt joint,
the maximum temperature in the welding area was 585 °C.
When obtaining T-formed welded joints as a result of
the FSW process numerical modelling based on the Euler —

Table 1. The values of the parameters of the Johnson — Cook plasticity model

for the AA5083 and AISI 1020 materials [18]

Tabnuua 1. 3navenus napamempog modenu niacmuynocmu [xconcona — Kyka

onst mamepuanog AA5083 u AISI 1020 [18]

Material
Parameter
AAS5083 AISI 1020
A 137.9 187.60
B 216.73 199.10
n 0.4845 0.1717
m 1.2250 0.4437
T, 659.85 1460.00
T, 25 25

26
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Fig. 3. A thermocouples layout: 1-12 — thermocouples installation locations
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Fig. 4. Temperature fields distribution on the surface of welded parts when modeling the FSW process:
a — a model without mass scaling; b — a model with mass scaling (k,,=k,=400)
Puc. 4. Pacnpedenenue memnepamypHuix nojiell Ha NOBEPXHOCIMU C8APUSAEMbIX Oemanell
npu modenuposanuu npoyecca CTII:
a — moodenb 6e3 NPUMEHeHUs MACUMAOUPOBAHUS MACCHI,
b — mooenv ¢ npumenenuem macumaobupoganus maccwl (k,,=k,=400)
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Fig. 5. Temperature fields distribution on the surface of welded parts when modeling the FSW process:
a — a model without mass scaling; b — a model with mass scaling (k,=400; k,=257)
Puc. 5. Pacnpedenenue memnepamypHuix noieil Ha NO8EPXHOCHU C8apUBAEMbIX demainell
npu modenuposanuu npoyecca CTII:
a — modenb He3 npuMeHeHUs MACUMAabupo8anus MAaccol;
b — mooenv ¢ npumenenuem macumabuposanusi macewi (k,,=400; k,=257)

Fig. 6. The location of thermocouples before (a) and after (b) welding of parts
Puc. 6. Pacnonooicenue mepmonap nepeo (a) u nocie (b) ceaprxu oemaneii
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Fig. 7. The distribution of temperature fields during friction stir welding: 1—6 — the numbers of thermocouples
Puc. 7. Pacnpedenenue memnepamypuwix noneu npu CTII: 1—6 — nomepa mepmonap
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Fig. 8. The distribution of temperature fields during friction stir welding obtained
by computer modeling and experimentally:
1-2 — thermocouples (an experiment); 3—4 — thermocouples (modeling)
Puc. 8. Pacnpeoenenue memnepamypuuix noaeti npu CTII, nonyyennvix
€ NOMOWBIO KOMNBIOMEPHO20 MOOCTUPOBAHUS U IKCREPUMEHMATILHBIM HYMEM:
1-2 — mepmonapwi (3xcnepumenm); 3—4 — mepmonapel (Modenuposatue)
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Lagrange approach, in the work [20], the maximum tem-
perature in the welding area was 575 °C.

At the periphery of the tool-part contact during welding
(thermocouples 1 and 2, Fig. 7), the maximum temperature on
the surface of the part on the side of the tool backward slip
zone is higher than on the side of the running-on zone. This is
explained by the fact that an overpressure zone appears in front
of the tool on the side of the running-on zone. From this zone,
the tool working surface displaces metal, which is in the plastic
state and prevents the tool movement, due to its translational-
rotational movement, into the zone located behind the tool, i.e.
into the backward slip zone.

MAIN RESULTS AND CONCLUSIONS

The analysis of the results of experimental investiga-
tions showed that at the periphery of the tool-part contact
during welding (thermocouples 1 and 2), the maximum
temperature reaches 401.6 °C, and the temperature on
the part surface on the side of the tool backward slip zone is
approximately 14 °C higher than on the side of the tool
running-on zone. It is associated with different conditions
of metal stirring in the tool running-on and backward slip
zones. With an increase in the distance from the welding
area in the direction perpendicular to the weld, these tem-
perature changes on the side of the tool backward slip and
running-on zones are smoothed.

The values of the maximum temperatures reached dur-
ing welding at the considered points of installation of ther-
mocouples obtained experimentally and using numerical
modelling differ by no more than 5 %. Moreover,
the curves describing the nature of temperature changes
depending on the time obtained experimentally and theore-
tically have a similar nature. This indicates the possibility
of using computer simulation to estimate the temperature
distribution in the welding zone.

The obtained results of the distribution of temperature
fields at the periphery of the tool-part contact are in good
agreement with the theoretical data existing in the literature,
as well as with the data obtained experimentally in this
work during butt welding of parts made of the AAS5083
aluminum alloy.

Numerical modelling of the distribution of temperature
fields during FSW wusing a thermomechanical model
(Abaqus software) taking into account the coupled Euler —
Lagrange approach, the Johnson — Cook plasticity model,
and the Coulomb friction law was carried out. The results
of numerical modelling are proved by the experimental
investigation of the distribution of temperature fields when
producing a butt welded joint made of the AA5083 alumi-
num alloy 5 mm thick. The difference between the theoreti-
cal and experimental results does not exceed 5 %.

The application of the approach based on the metal
mass scaling during numerical modelling of temperature
fields by recalculating the metal density and thermal pro-
perties allows reducing the time for theoretical calculations
by more than one order.
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Annomayusn: OMHUM U3 BOXHBIX MAPAMETPOB, 00SCIICUNBAIOIIMX MOTYYSHUE CBAPHOTO COSIUHEHHS TPHU CBapKe Tpe-
HHEM C MepeMeninBaHneM 0e3 1e()eKTOB CIUIONIHOCTH, SIBIISETCS 0OecreueHre B 30HE COCAMHEHUSI METAIIOB TpeOyeMoit
TemrepaTypsl. [Ipy 3KCIIEpUMEHTAIBHOM OMPEACICHHH TEMIEPATyphl HEMOCPEACTBEHHO B 30HE MEPEMEIIMBAHUS METa-
JIOB C TIOMOIIBIO TEPMOTIAP BO3HHKAIOT 3HAYUTEIBHBIC TPYAHOCTH. B CBSI3M C 3TUM aKTyalbHBIM MIPEACTABISCTCS HCIIOTb-
30BAHUE YUCJICHHBIX METOJ0B, OIIMCHIBAIOLIUX PACIPEACIICHUE TEMIIEPATYPHBIX MOJIEH NIPU CBAPKE TPEHHUEM C IIEpeMELIu-
BaHHEM. B paboTe BBINOIHEHO YHCIEHHOE MOJAEIMPOBAHUE TEMIIEPATypHBIX IMOJIeH IpU CBapKe TPEHUEM C NepeMellnBa-
HHEM Ha OCHOBE METOJ/ia KOHCYHBIX 3JIEMEHTOB C HCIIOJIb30BaHHEM MpOorpaMMHOro obdecreucHus Abaqus/Explicit. Moge-
JIMPOBAaHHUE BHINOJHIOCH HA OCHOBE CBS3aHHOTO MOJX0/a Dilnepa — Jlarpanika, MOJIeNu ITaCTUHYHOCTH MaTepuana J[»oH-
cona — Kyka u 3axona tperust Kynona. C moMonipo METoJa KOHEUHBIX 3JIEMEHTOB MOCTPOESHBI MOJIENHU JETAIH, MTOIJI0KKH
Y MHCTPYMEHTA C Y4ETOM HX TeIIO(pU3MYECKUX CBOMUCTB. J[is cCOKpalieH st BpeMEeH! BBIYMCICHUH UCTIONBb30BAJICS TOIXO0.T
MaciITabupOBaHUsI MACCHI ITyTEM MepecyueTa INIOTHOCTH MaTepHaia U ero TeIUIOBBIX CBOUCTB. bouin moao6panst koaddu-
[UEHThI MACIITAOMPOBAHHMS TEIFIOEMKOCTH U MACChl MaTepHuaa /Ui BRIOPAHHBIX MapaMeTpoB pexuma cBapku. [Iiis oreH-
KU aJIEKBATHOCTH PE3YJIbTATOB YMCICHHOTIO MOJICIIUPOBAHUSI TEMIIEPATYPHBIX MOJIEH MPU CBAPKE TPEHHEM C MEpEeMEeNInBa-
HHEM OBbLTH MPOBEICHbI IKCIIEPUMEHTAIbHBIC HCCIICA0BAHUS TEMIIEPATYPHBIX MOJIEH ¢ UCTIONb30BaHKeM TepMornap. [Toka-
3aHa BO3MOXKHOCTh YHCJICHHOTO MOJICIMPOBAHUS TEMIIEPATYPHBIX TOJICH MPU CBApKE TPEHHEM C MEPEMENIMBAHIEM C I10-
MOIIIBIO CBA3AHHOTO Moxo/a Ditnepa — Jlarpamxka u mporpammuoro obecreuenus Abaqus/Explicit. Brarogapst npumMene-
HHIO NIO/IX0/Ia, CBS3aHHOTO C MaclITaOMPOBAaHUEM MacChl MaTepHuaia, BpeMs BBIYHCICHHH coKkpalleHo Oosee yem B 10 pas.

Knioueswvie cnoea: capka tpenueM c nepememmBanuem; AAS083; cBsa3aHHbIN moaxoa Dijepa — Jlarpanika; YuCIIeH-
HOE MOJISIUPOBaHKUE TEMIIEPATYPHBIX MOJIEH.
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Abstract: Increasing the resistance of steel products to sulfide stress cracking (SSC) is one of the topical issues
of the oil and gas industry. Among various factors determining the SSC resistance of a material is the structure-phase state
of the material itself and the crystallographic texture associated with it. The current paper analyzes these features using
the scanning electron microscopy (SEM), transmission electron microscopy (TEM), and microroentgen electron backscat-
tered diffraction (EBSD) techniques. As the research material, a production string (PS) coupling made of medium-carbon
steel was selected, which collapsed by the mechanism of hydrogen embrittlement and subsequent SSC. For the first time,
by the SEM method, using the location and mutual orientation of cementite (Fe;C) particles, at high magnifications,
the authors demonstrated the possibilities of identifying the components of upper bainite, lower bainite, and tempered mar-
tensite in steels. The presence of the detected structural components of steel was confirmed by transmission electron mi-
croscopy (TEM). Using the EBSD method, the detailed studies of microtexture were conducted to identify the type and
nature of the microcrack propagation. It is established that the processes of hydrogen embrittlement and subsequent SSC
lead to the formation of {101} <010>, {100} <001>, {122} <210>, {013} <211>, {111} <100>, {133} <121>, {326}
<201> grain orientations. It is shown that the strengthening of orientations of {001} <110>, {100} <001>, {112} <111>,
and {133} <121> types worsens the SSC resistance of the material. Using the EBSD analysis method, the influence
of special grain boundaries on the nature of microcrack propagation is estimated. It is found that the X 3 coincident site
lattice grain boundaries between the {122} <210> and {111} <100>, {012} <110>, {100} <001> plates of the upper
bainite inhibit the microcrack development, and the ¥ 13b, X 29a, and X 39a boundaries, on the contrary, contribute
to the accelerated propagation of microcracks. For comparative analysis, similar studies were carried out in an unbroken
(original) coupling before operation.
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the mechanical corrosion failure — sulfide stress cracking is

INTRODUCTION

The complex of oil and gas pipes of the Russian Federa-
tion is one of the most developed systems, and belongs
to the key type of raw oil and gas transportation throughout
the RF territory. In this regard, the highest requirements are
imposed on oil and gas pipelines, which aim to ensure their
reliability, durability, and safety [1-3]. The latter is associ-
ated with irreversible environmental, and economic expend-
itures in the case of an unintended breakdown of pipelines
and their units in a certain sector of oil transportation.
Among various types of complications in oil production,

the most serious [4—6]. Sulfide stress cracking (SSC)
of oilfield equipment is determined by the action of various
factors, among which are the partial pressure of hydrogen
sulfide and the temperature in the string, the degree of sa-
linity of the water component of oil, and the stress-strain
state of the metal. These factors are best described
in the GOST 53678 standard and in the works [6—8]. Be-
sides the abovementioned factors, the SSC-resistance
of steels is determined by the degree of alloying of iron
with impurity atoms, the structure-phase state, the level
and anisotropy of strength properties, which determine
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the final mechanical properties of materials. A developed
crystallographic texture, which can be controlled by opti-
mizing the modes of thermomechanical effect, is a particu-
larly important parameter in the operation of goods [5; 9].

It is known that the boundaries of grains, laths,
and plates formed during quenching and subsequent tem-
pering, are the preferred areas for precipitation of cementite
particles [10]. As a result of external applied loads, due
to the difference in microhardness, microcracks appear be-
tween the cementite particles and the main matrix. Subse-
quently, they propagate along the prior austenite grain
boundaries (PAGB) or along the lath martensite boundaries
[10]. According to [11], martensitic steel characterized
by a relatively low ductility is more prone to SSC compared
to tempered martensite. At the same time, the presence
of some alloying elements (for example, Nb, V, Mo,
and Ti) during aging generates the precipitate at the grain
boundaries, which reduce the SSC susceptibility of steel
[11]. The shape and size of the constituent elements
of the steel microstructure also determine the material pro-
pensity to SSC. In particular, the authors [12] identified that
the ferrite-pearlite structure is more prone to SSC than
the acicular ferrite or ultrafine-grained bainitic structure.
In this regard, it was concluded that a homogeneous and
uniform structure has a greater SSC resistance [12].

Some works deal with the study of the nature
of the microcrack propagation in steels, as well as identify-
ing the relationship between this nature and the crystallo-
graphic texture, the type of grain boundaries and their ori-
entation relative to each other [13-15]. In particular,
in the work [13], the authors showed that the formation
of low-angle and coincident site lattice (CSL) grain bound-
aries increases the cracking resistance of the API X65 steel.
Moreover, it was found that the presence of CSL grain
boundaries smaller than X 13b provides cracking resistance
[13], while a number of other high-angle boundaries
(not CSL), worsen the SSC resistance [14; 15]. As a result,
forming the low-angle and CSL grain boundaries of a cer-
tain type, it is possible to stop a microcrack after its for-
mation and obtain crack-resistant steel.

Thus, the above factors, which are responsible
for the microcrack initiation and development, are con-
trolled, and on the whole, determine the tendency of the ma-
terial to SSC. The control of these factors, by changing
the processing parameters, as well as the formation of

certain microstructures and crystallographic textures
with the required strength characteristics for specific types
of operation of oilfield equipment, is a crucial task.

This work is aimed to identify the structure-phase fea-
tures and regularities of the texture formation processes,
in a standard production string coupling made of bainitic
steel structure, as well as to establish the factors determin-
ing its resistance to hydrogen sulfide stress cracking.

METHODS

A production string (PS) coupling with an outer diame-
ter of 139.7 mm and a wall thickness of 9.17 mm, manufac-
tured according to the GOST 31446 standard (strength
group P110), was selected as the research material.
The chemical composition of the investigated coupling is
shown in Table 1.

The studies were carried out in two PS couplings.
The first one was destroyed by the SSC mechanism during
the hydraulic fracture of a shelf on an exploration well.
The second coupling was new, without operation.
A bainite structure was formed in the couplings at the fac-
tory conveyor conditions, by carrying out the traditional
heat treatment (quenching and subsequent tempering).
The mechanical tensile tests were carried out using
an INSPEKT 200 universal testing machine according
to the GOST 10006 requirements. Microhardness was
measured by the Rockwell method using a 251 VRSD
universal hardness tester. The SP coupling microstructure
was studied using a Thermo Scientific Q250 scanning
electron microscope equipped with the EDAX-TSL sys-
tem for backscattered electron diffraction (EBSD) analy-
sis. The imaging of samples was carried out at an acceler-
ating voltage of 20 kV at a chamber pressure of 10~ Pa.
The electron beam diameter was 3 um. During the study,
the sample was placed at a focal distance of 10.0 mm.
Nital solution was used as a metallographic reagent.
The microstructure was also analyzed using a transmission
electron microscope (TEM), to get the information about
the size of structural elements and the nature of the ar-
rangement of cementite precipitates. The observations
were carried out on a JEM-2100 microscope at an accele-
rating voltage of 200 kV. The samples for TEM were pre-
pared by two-jet electropolishing using an electrolyte
based on n-butyl alcohol.

Table 1. Chemical composition of the coupling material
Tabnuya 1. Xumuueckuil cocmas mamepuana mygmot

Content, wt.%
Fe C Si Mn P S Cr Ni Mo Al
97.1 0.452 0.306 1.400 0.014 0.005 0.278 0.199 0.006 0.012
Content, wt.%
Co Cu A\ Ti Sn B Zr As Bi
<0.001 0.026 0.058 0.002 0.011 0.002 0.002 0.075 0.010

34
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RESULTS

The average value of the coupling metal microhardness
in the primary crack nucleus is 35.5 HRC, and far from
the crack, its value decreases to 34.0 HRC. At the same
time, the average hardness of the pipe billet metal without
operation was 32.6 HRC. The mechanical tests showed that
in the coupling before operation, the tensile strength was
983 MPa, the yield strength was 913 MPa, and the relative
elongation was 15.5 %; while after operation, the tensile
strength was 1096 MPa, the yield strength was 1000 MPa,
and the relative elongation was 13.7 %.

Fig. 1 a shows a typical SEM image of the PS coupling
microstructure (before operation) after etching. The experi-
mental microstructure is mainly characterized by a bainitic
structure consisting of parallel plates. In the photograph,
the bainite plates are shown as disoriented blocks inside
the PAGB (Fig. 1 a). The bainitic blocks in Fig. 1 a in some
places are circled by green contour lines, and PAGB —
by yellow lines. Along with the bainite component, the
microstructure contains the irregularly shaped islands
of the martensitic-austenitic (M/A) phase (Fig. 1 a). Unlike
the bainite component, the M/A areas are resistant to
etching; they look like non-etched and relatively light areas
(outlined with a white line) (Fig. 1 a). A microstructure
detailed analysis at rather high magnifications showed that
the bainite component is formed from the upper bainite
(UB) and lower bainite (LB) plates. This fact is supported
by the results of SEM and TEM studies, according to which
the needle-like cementite (Fe;C) particles in the UB plates
are located only at the plate boundaries and are oriented
along the boundaries (Fig. 1 b) [10]. The detected cementite
particles at the boundaries of the UB plates in some places
grow up to a length of 170 nm, while their diameter equal
to ~34 nm remains practically unchanged. At the same
time, in the LB, cementite particles are formed only
in the body of the plates (Fig.1¢, 1d). In this case,
the cementite particles in the LB have a needle-like shape
(up to 210 nm long, 22 nm in diameter) and are parallel
to each other (Fig. 1 ¢, 1d). Fig. 1 d shows the section
of the “coalesced” LB, where the merge of parallel plates is
observed. In the PS coupling microstructure, rather large
plates of tempered martensite (TM) are observed in some
places (Fig.le, 1f). Similar structural components
(LB, UB, and TM) in steels were previously observed
in the works [17—19]. The TM plates (laths) have a length
of up to several tens of microns and a width of 1—4 microns.
The difference between the TM and the UB and LB is that,
in the TM plates, cementite particles of the needle-like
morphology are oriented between themselves both parallel
and at an angle of 60° with respect to each other (Fig. 1 e,
1) [19].

Fig. 2 a shows a typical SEM image of the PS coupling
microstructure after operation. The precision SEM analysis
showed (Fig.2 a, 2 b) that the microstructure of the PS
coupling after operation contains similar structural compo-
nents (UB, LB, TM, and M/A), which were found
in the original coupling (Fig. 2 a—f). At the same time, dur-
ing the transition to the area where the destruction occurred
according to the SSC mechanism, significant changes
in the microstructure are identified (Fig. 2 c—f).

In particular, in the area very close to a fracture, the mi-
crostructure is characterized by the absence of visible needle-
like cementite particles in the plates (laths) (Fig. 2 c).

The absence of cementite particles both inside the plates
and between them indicates the formation of a purely mar-
tensitic structure with a body-centered tetragonal (BCT)
lattice [20]. The external applied load in the fracture zone
leads both to the rotation of the plate-like structure
in the direction of tensile forces and the formation of de-
formation bands (Fig. 2 d) and to the appearance of cracks
on the non-metallic inclusions (Fig. 2 d, upper right corner,
Fig. 2 e, upper left corner). Fig. 2 e, 2 f show a general view
of the path of the secondary crack propagation as a result
of SSC. It is obvious that at the initial stages, the crack
propagates according to the transcrystalline type
(up to 60 um), and then it has an intercrystalline type
(Fig. 2 e, 2 f). In this case, it is seen that, when stopped,
a crack can be initiated at the boundary of the plates
(Fig. 2 f). The analysis of SEM images showed that in all
the studied areas, the PS coupling contamination with non-
metallic inclusions did not exceed 5 points (SH method).

To analyze the nature of microcrack propagation, the
authors studied the local crystallographic microtexture, i. e.,
the predominant grain orientations, as shown in Fig. 3 a.
The analysis of the distribution map of grain orientations
was carried out in the plane of the sample cross section.
For ease of analysis, individual orientations of each block
and plates are shown in different colors (Fig. 3 a, 3 b).

According to the EBSD analysis, the average size
of the PAGB blocks in the PS coupling before operation
was ~80 pm, and after failure in the fracture region, it was
~66 um. The EBSD analysis showed that, in the coupling
failure area, a crystallographic texture is basically formed,
in which grain orientations related to the {101} <010>,
{100} <001>, and {111} <100> texture components domi-
nate (Fig. 3 a). At the same time, in the coupling without
operation, the {110} <001>, {001} <110>, and {111}
<011> grain orientations are prevailing. The main texture
components identified in the PS coupling before and after
operation (with a crack) are recorded in Table 2.

Besides, Table 2 shows schematically the orientations
of individual plates with respect to the ND-TD plane
and their volume fractions belonging to one or another tex-
ture component. To identify the influence of the texture
formation processes on the nature of crack propagation,
local EBSD studies were carried out (Fig. 3 b). In this case,
the authors paid special attention to the identification
of high-angle disorientations related to CSL grain bounda-
ries formed both in the original coupling and in the cou-
pling after operation (Fig.4a, 4b). The distributions
of CSL grain boundaries corresponding to the original
and destroyed coupling (crack area) are shown in Fig. 4 a,
4 b, and their volume fractions are summarized in Table 3.

To determine the influence of mutual orientations
of plates (laths) on the crack propagation character,
the authors carried out an analysis of microtexture research.
Fig. 5 shows the direct pole figures (PF) (110) of the PS
coupling obtained from different areas of analysis: without
operation, away from the fracture, and in the crack sur-
rounding area.

The pole figure (110) obtained for the PS coupling be-fore
operation, according to microtexture analysis, is character-
ized by a set of the following main orientations: {101}
<010>, {100} <001>, {122} <210>, {013} <211>, {111}
<100>, {133} <121>, {326} <201>, {102} <211>, {230}
<323>, {122} <221>, {110} <I111>, and {111} <100>
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Fig. 1. Images of the PS coupling microstructure (before operation):
a — microstructure general view, b — upper bainite plates;
¢, d — lower bainite plates, e, f— martensite tempering plates.
M/A — martensite-austenite areas; PAGB — prior austenite grain boundaries.
a, ¢, e — SEM images; b, d, f— TEM images
Puc. 1. Hzo6pasicenus mukpocmpykmypol mygpmor IK (00 sxcniyamayuu):
a — 06wl U0 MUKPOCMPYKmMYpbi, b — niacmunvl éepxuezo betinuma;
¢, d — nnacmunsl HudxcHezo betinuma, e, f— mapmencummsie NAACMUHbL OMNYCKA.
M/A — mapmencumno-aycmenumuoie yuacmxu, PAGB — nepsonauanshvie epanuyvl 3eper aycmenuma.

a, ¢, e — POM-uzobpaoicenus; b, d, f— [IDM-uzobpasicenus
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" “The areaof plastic
deformation during SSC

Fig. 2. Microstructure SEM images:
a — general view of the microstructure away from the fracture area; b — upper bainite plates;
¢ — general view of the microstructure in the fracture area; d — deformation bands;
e — the appearance of cracks in the fracture area; f— crack development on bainitic blocks.
UB — upper bainite; LB — lower bainite
Puc. 2. POM-uzo6padicenusi MUKPOCMPYKMYPbl NOCE IKCRLYAMAYUU.
a — obwuil 8UO MUKPOCIMPYKIMYPbL 60au om usioma, b — niacmunsl eepxuezo belinuma,
¢ — 00wuLl 8UO MUKPOCMPYKMYPYL 6 00aacmu uzioma, d — nonocvl depopmayuu;
e — 8u0 mpewun 6 obracmu uznoma, f— pazeumue mpewurvl Ha OCUHUMHBIX OI0KAX.
UB — gepxnuii 6etinum,; LB — nudicnuil 6etinum
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Table 2. The determined orientations of bainite/martensite plates and their volume fraction
Taonuya 2. O6napysicentvle opueHmayuu 6euHUMHbIX/MAPMEHCUMHBIX NAACIUN U UX 00beMHAsl 00

The main orientations and their volume fraction, %

Plane
of Analysis

ND

L)

Eul . 181.8, 88.2, 230.2, 259.6, 333.9, 17.6, 3313,
u g angles, 35.1, 5.9, 46.5, 13.5, 49.1, 445, 334,

@1, D 92 76.7 73.7 66.4 0 49.8 17.9 55.5

. . {101} {100} {122} {013} {111} {133} {326}

Orientation <010> <001> <210> <211> <100> <121> <201>

Before 4.6 33 4.1 6.5 6.5 78 8.9

operation

After 8.2 6.9 72 8.8 6.0 12.3 5.7

operation

Crack 9.9 13.7 9.1 12.1 8.6 102 46

area

Note. ND — normal direction oriented along the coupling (pipe) radius;
TD — transverse direction coinciding with the coupling (pipe) axis.

IHpumeuanue. ND — nopmanvHoe Hanpaeienue, OpUeHMUPoOSanHoe 6001b paouyca Mygmot (mpyowt);
TD — nonepeunoe Hanpagienue, cognadaioujee ¢ ocbio Mygmul (mpyool).

Fig. 3. EBSD images of the microstructure: a — general view, b — precision area
Puc. 3. JOPI-uzobpasicenuss Muxpocmpykmypul: a — oowuii 6uo,; b — npeyusuonnwiii yuacmorx
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T T M

QR k R

\ 20 pm

Fig. 4. EBSD images of the microstructure:
a — map of distribution of special grain boundaries in the coupling (pipe) without operation;
b — map of distribution of special grain boundaries in the crack area
Puc. 4. JJOP3-u306padicenus MUKpOCMpPYKmypbl.:
a — kapma pacnpeoenenus CNeYUanbHblX Spanuy 3eper 6 mMy@me be3 SKChiyamayuu;
b — kapma pacnpedenenus cneyuaibHblX SPaHUY 3epeH 0KOI0 MpeujuHbsl

Table 3. The revealed CSL grain boundaries of bainite plates and their volume fraction
Taonuya 3. Buisigrennvie cneyuanvhvle epanuybl X 6SUHUMHBIX RIACMUH U UX 00beMHAs 00

Volume fraction of CSL grain boundaries, %
The area of analysis
X3 11 X 13b X 25b XY 29a ¥ 33c¢ Y 39a Y 41c
Before operation 12.4 1.1 0.4 1.1 0.3 43 0.8 4.2
After operation 11.9 1.4 0.2 1.3 0.1 5.0 0.3 3.8
Crack area 9.6 3.6 4.4 0.4 2.3 2.2 2.6 3.9

(Fig. 5, Table 2). Since the microtexture analysis covers
the study of the crack development nature, Fig.5d
and Table 2 show only the positions of the main grain ori-
entations. The analysis showed that in the PS coupling after
operation (away from the crack), the general appearance
of the (110) PF remains. However, the ratio of the preferred
grain orientations changes. This is evidenced by the redis-
tribution of texture maxima on the (110) PF, where
the {102} <211>, {230} <323>, {122} <221>, {110}
<IT1>and {111} <100>, and {111} <100> orientations are
suppressed, while the {101} <010>, {100} <001>, {013}
<211>, {122} <210>, and {133} <I121> texture compo-
nents are enhanced (Fig.5b, Table 2). This fact is ex-

plained by the fact that during operation, the structure ele-
ments rotate as a result of the action of the applied external
loads. Moreover, additional orientations (textural maxima)
appear on the (110) PF and the pole density of some orien-
tations sharply increases (Fig. 5 b). In particular, as a result
of SSC, the weight fractions of the {001} <110>, {100}
<001>, {112} <111>, and {133} <I21> texture compo-
nents increase (Fig. 5 b).

The precision microtexture analysis showed that the na-
ture of the location of texture maxima on the (110) PF
in the crack area changes significantly (Fig. 5 c). In this
case, an increase in the pole density of individual orienta-
tions is observed (Fig.5c). In particular, in the zone
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RPNWRON

o {100}<001>

4 {111)<T00>
& {133}<121>
A {326}<201>
v {113)}<1T0>

Fig. 5. Direct pole figures (110):
a — PS coupling before operation; b — after operation away from the crack;
¢ — in the crack area; d — the positions of the determined orientations on a pole figure
Puc. 5. IIpsmvie noniocuvie gueypwr (110):
a —mygma IK 0o sxcnnyamayuu; b — nocne sxcnayamayuu 60anu om mpewunbl,
¢ — 6 o0racmu mpewunsl; d — NO3UYUU OOHAPYIHCEHHBIX OPUEHMAYUI HA NOTIOCHOU ucype

of crack development, there is a sharp increase in the {101}
<010>, {100} <001>, {122} <210>, and {133} <121> grain
orientations, uncharacteristic for the initial PS coupling.
In general, the changes in the (110) PF, on the one hand, are
associated with the formation of an unfavorable crystallo-
graphic texture, and, on the other hand, with the active pro-
cesses of grinding bainite blocks and subsequent reorienta-
tion of the plates as a result of shear deformations.

DISCUSSION

The analysis of the microstructure of the medium-
carbon steel PS coupling showed that various structure
components are formed in it: upper bainite, lower bainite,
and tempered martensite (Fig. 1). These structural compo-
nents differ both by the arrangement of cementite particles
and their mutual orientation, and by the dimensions
of the plates (laths). In particular, the average width of the UB
plates is 0.7 um, and the length is ~25 pm. Cementite par-
ticles in the UB plates are located along their boundaries
[16—-18]. Compared to the UB, the width of the plates
in the LB is a bit narrower (0.5 pm), and their length does
not exceed 20 um. Needle-like cementite particles in the LB
precipitate in the body of the plates and are strictly parallel
to each other [16—-18]. In the tempered martensite plates,
the cementite particles precipitate in the form of needles
located in the body of the plates (laths) and are oriented to
each other both in parallel and at an angle of 60° with re-

spect to each other [19]. This fact indicates that cementite
particles can grow along the <011> and <110> directions in
the BCT lattice. The length of the cementite particle inside
the TM plates reaches 300 um, and the diameter is ~39 pum.

Thus, the UB, LB, and TM distinguishing features are
the dimensions of the plates, the precipitation area of ce-
mentite particles on the plates, and their mutual orientation.
Cementite particles in the UB precipitate only at the bound-
aries of the plates (laths), in the LB, they precipitate only
inside the plates and are parallel to each other, and
in the TM plates they are oriented at an angle to each other.

The analysis of the microstructure identified the pre-
sence of a structural gradient (UB, LB, TM, M/A, and
martensite) in the PS coupling material. In particular,
in the area close to the fracture, many martensite plates
were found, which, apparently, locally increase the micro-
hardness to 35.5 HRC. Martensite plates in the fracture area
are characterized by the absence of cementite particles,
the lath width in the range of 0.6-3.5 um, and the length
of a few tens of pm. At the same time, areas with a high
content of martensite/austenite component of irregular shape
were found as well in this area. Numerous secondary micro-
cracks are observed in the fracture area, since the martensitic
structure is less SSC-resistant and requires additional tem-
pering [21].

The analysis of the general appearance and path of the se-
condary crack propagation as a result of SSC indicates that
the nature of crack development can be divided into two
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stages. At the first stage, it propagates along a rather
straight trajectory. It is obvious that the crack thickness,
which is approximately equal to 7.5 um at the crack tip,
remains virtually unchanged up to large depths (more than
60 um) (Fig. 2 e). This fact indicates that up to the depths
of 60 pm, corrosion processes are actively realized with
the formation of iron oxides/sulfides. Further, the crack has
a more tortuous propagation pattern containing a greater
number of deflections (Fig.2e, 2 f). At the same time,
at the initial stage, the type of crack propagation is tran-
scrystalline (Fig. 2 ¢). Changes in the microstructure
caused by the action of tensile stresses, and the formation
of deformation bands shown in Fig. 2 d also led to this type
of crack propagation. In this case, the deformation bands
were formed as a result of the bainitic structure rotation
in the direction of the action of tensile forces perpendicular
to the fracture propagation line (Fig.2 d, 2 e). The front
of deformation bands reaches great depths and sometimes
amounts to several hundred microns. As a result, in such
areas, cracks easily propagate parallel to the dislocation slip
lines, since there are no obstacles in their path. However,
if a crack encounters in its path the transversely located
bainite blocks, then it starts to slow down on them,
as shown in Fig. 2 f. At the same time, the action of high
applied tensile stresses sometimes leads to the initiation
of secondary cracks in the areas close to the zone where
the primary crack stops. Such areas are the MnS inclusions,
spherical voids, PAGBs, and a favorable crystallographic
texture between the plates (Fig. 2 e, 2 f, 3 a). Thus, more
tortuous lines of crack propagation indicate the formation
of bainite blocks with different crystallographic textures
in these areas and demonstrate the best crack blocking ac-
tion. In this case, the straight path of crack development
implies the accelerated crack propagation in this area
(Fig. 2 ). These facts are analyzed in detail by the EBSD
method.

In the EBSD analysis of the crystallographic micro-
texture, grain orientations are represented as a rainbow col-
or coding system on the studied surface and a simple way
to identify the local orientation of grains (blocks, plates)
in space is provided. The totality of grains forming
a polycrystal as a whole consists of many elementary cells
superimposed on each other. In this case, inside an elemen-
tary cell (or in a grain), one can distinguish various {001}
<hkl>, {011} <hkl>, {111} <hkl>, etc. systems, along
which a dislocation slip occurs. If, during cutting and fur-
ther grinding of a sample along a certain section, a grain
appears where the (111) plane is parallel to the section
plane, then in the EBSD pattern, this grain is colored blue
(Fig. 3 a). Similarly, grains with (001) are colored red,
(101) — green, etc. In other words, the EBSD pattern is
a distribution map of grain orientations in the plane of ana-
lysis of the section, where the {001}, {011}, {111}, etc.
planes are parallel to the surface under the study (Fig. 3 a).

The EBSD analysis results clearly showed that the crack
propagation nature has the straight-line sections, interrup-
tions, and deflections (Fig. 3 a, 3 b). In particular, the tran-
scrystalline type of crack propagation is typical for sections
containing plates with {101} <010>, {100} <001>, and {111}
<100> orientations (Fig.3 a). In this case, the inter-
crystalline type of crack propagation was identified for
the bainite blocks belonging to the {122} <210>, {111}
<100>, {012} <110>, and {100} <001> orientations. CSL

grain boundaries between the adjacent plates (laths) demon-
strated a significant influence on the crack development
nature. The conditions for the formation of CSL grain
boundaries in the steel bainitic structure are studied in most
detail in the works [22-24]. In particular, it is shown that
on CSL grain boundaries of the ¥ 3, X 11, £ 25b, X 33c,
and X 41c types, the intense phase transformations begin
according to the y—a scheme during the formation
of the steel bainitic structure [22]. It is noted that CSL grain
boundaries of the £ 3, £ 11, and X 33c type are formed pre-
dominantly between parallel plates in a martensitic bundle
and/or in a bainitic block [22; 23], while the X 25b type is
characteristic of the martensitic structure [22]. The study
showed that the £ 41c type occurs in triple junctions of pla-
tes (laths) in a bundle containing a low-angle boundary,
and two X 33c-type CSL grain boundaries [23]. On the other
hand, in the work [24], £ 13 and X 39 type CSL grain
boundaries were mainly observed on the martensite-auste-
nite and/or bainite-austenite boundaries, and the decrease
in the X 11 proportion was explained by a decrease in the
martensite component. The type of £ 3, X 11, ¥ 13b, X 25b,
¥ 29a, ¥ 33c, £ 39a, and X 41c CSL grain boundaries re-
vealed in this work during the formation of the bainite
structure does not contradict the literature data [22-24].
According to [22; 23], it can be argued that the intense
phase transformations begin on the identified CSL bounda-
ries. At the same time, the differences in their proportion
are most likely associated with the manifestation of a struc-
tural gradient through the thickness of the coupling wall.
Moreover, by changing the volume fraction of certain CSL
grain boundaries, it is also possible to estimate the type
of structures formed [22-24]. In particular, an increased
fraction of the £ 3 type CSL grain boundaries can be ex-
plained by a multitude of bainite blocks containing parallel
plates. A growth of fraction £ 11 near the crack is associat-
ed with a growth in the martensitic component, and
the strengthening of £ 13 and X 39 types of CSL indicates
a growth in M/A areas in this zone.

The analysis showed that £ 3 CSL grain boundaries be-
tween the {122} <210> and {111} <100>, {012} <110>,
{100} <001> upper bainite plates suppress crack deve-
lopment, and the presence of CSL grain boundaries
of the X 13b, X 29a, and X 39a types, on the contrary, con-
tribute to the accelerated propagation of microcracks.
In this regard, it can be concluded that cracks tend to pass
through {101} <010>, {100} <001>, and {111} <100>
plates and tend to deflect when colliding with {122} <210>,
{013} <211>, {133} <121>, and {326} <201> plates.

MAIN RESULTS AND CONCLUSIONS

The conducted research showed that when producing
the PS coupling according to the GOST 31446 standard,
a structural gradient is observed along the thickness of
the coupling wall, which consists in the formation of plates
of upper and lower bainite, martensite, and martensite-
austenite areas. External loads applied to the coupling cre-
ate stress concentrators at the plate boundaries and on non-
metallic inclusions, which lead to the initiation and deve-
lopment of cracks and subsequent failure. The analysis
of microtexture studies showed significant differences
in the formation of crystallographic texture associated with
the presence of a structural gradient during steel tempering.
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It is identified that during the PS coupling operation,
the {101} <010>, {100} <001>, {122} <210>, {013} <211>,
and {326} <201> orientations of bainitic plates, which are
undesirable to resistance at SSC, strengthen. It is shown
that the £ 3 CSL grain boundaries between {122} <210>
and {111} <100>, {012} <110>, {100} <001> bainite plates
demonstrate a blocking effect during microcrack propaga-
tion. In this case, £ 13b, X 29a, and X 39a CSL grain
boundaries between the bainite plates, on the contrary, ac-
celerate the propagation of microcracks. The obtained re-
sults are important for the formation in steel of a favorable
structure and crystallographic texture resistant to SSC.
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Annomayuza: 11oBbIIIeHNE CTONKOCTH CTAJIBHBIX H3ETMI K CEpOBOAOPOAHOMY pacTpecKuBaHuUIO oA HamnpspkeHueM (CPH)
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(BK), KoTOpas pazpymImiach o MEXaHU3MY BOJOPOIHOTO oXpymuuBaHusa U nocienyromero CPH. Mydra 9K mrotosnena u3
CpemHeyTNepoucTol ctanu. BriepBoie MeTogoM POM 1o pacnonoskeHHIo U B3auMHOUN opueHTaun dactuil nementura (Fe;C)
npu OOJIBIINX YBEIUUYCHHSIX TPOJIEMOHCTPUPOBAHBI BO3MOYKHOCTH MICHTH(HKAIIMK B CTAISIX COCTABIISIOIINX BEPXHET0O OCHHU-
Ta, HIWKHETO OSMHHUTa 1 OTIYILIEHHOro MapTeHcuTa. Hamune oOHapyKeHHBIX CTPYKTYPHBIX COCTABIIIOIIMX CTajlM MOATBEP-
xkaero MerogoMm [I9M. Mertogom JIOPD mpoBeneHs! AeTalbHBIE HCCIECHOBAHHMS MHKPOTEKCTYPHI JUIS YCTAHOBJICHHUS THIA
U XapakTepa paclpOCTPaHEHUSI MUKPOTPEIIMHBL. Y CTAHOBJICHO, YTO IPOIECCHI BOJOPOIHOTO OXPYITYHMBAHUS U MOCIHIEIYIOIIEe
CPH npusozst k popmuposanmto {101} <010>, {100} <001>, {122} <210>, {013} <211>, {111} <100>, {133} <121>,
{326} <201> opuenTauuii 3epen. [Tokazano, 4to ycunenue opueHTHpoBok {001} <110>, {100} <001>, {112} <111>u {133}
<121> Tumos yxyamaroT croiikocts Matepuana k CPH. Meronom JIOPD-ananu3a oLieHEHO BIMSIHUE CHELUUATIbHBIX TPAHUIL
3epeH Ha XapakTep PACIpPOCTPAHEHMs MHKpOTpemuHbl. OGHAPYKEHO, YTO CrenHanbHble IpaHuibl X 3 Mexay {122} <210>
u {111} <100>, {012} <110>, {100} <001> rIacTHHAMY BepXHEro GEHHHTAa TOPMO3AT PA3BUTHE MUKPOTPEIIHHDI, 3 TPAHHIIBI
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Abstract: There is a strong belief that hydrogen absorbed by magnesium alloys during corrosion can cause their stress
corrosion cracking. One of the characteristic markers indicating the involvement of diffusible hydrogen into the fracture
mechanism of metals is the negative strain rate dependence of the embrittlement degree. Recent studies show that the loss
of ductility of the ZK60 alloy specimens subjected to a short-term (1.5 h) pre-exposure in a corrosive medium actually
decreases with the increasing strain rate. However, after the removal of corrosion products from the surface of the speci-
mens, the strain rate dependence of the ductility loss becomes positive, which indicates the absence of hydrogen in
the bulk of the metal. At short-term exposure in a corrosive environment, the deep penetration of hydrogen into a metal
could be limited due to the insufficient time for hydrogen diffusion. The paper studies the mechanical behavior of
the ZK60 alloy subjected to a longer (12 h) pre-exposure in a corrosive medium followed by tensile testing in air at various
strain rates. The authors consider the effect of strain rate, long-term pre-exposure in a corrosive medium, and subsequent
removal of corrosion products on the strength, ductility, stages of work hardening, and localized deformation, as well as on
the state of the side and fracture surfaces of specimens. It is established that the ductility loss of the specimens pre-exposed
in a corrosive medium for 12 h decreases with the increasing strain rate, regardless of whether the corrosion products have
been removed from their surface or not. It is shown that in this case, the negative strain rate dependence of the ductility
loss is associated not with hydrogen dissolved in the bulk of a metal but with the presence of severe corrosion damage of
the specimens’ surface. An explanation for the effect of corrosion damage on the mechanical properties and their strain
rate sensitivity is proposed.
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the behavior of magnesium under the effect of a corrosive

INTRODUCTION

Magnesium-based alloys with the unique complex
of mechanical properties are the promising structural mate-
rial for many manufacturing sectors, including automotive,
air-space, and other industries. Moreover, magnesium al-
loys find their application as a material for bioresorbable
implants, which can dissolve in a human body after per-
forming their function. However, their low resistance to
corrosion and stress corrosion cracking (SCC) is a great
obstacle to a wider application of magnesium alloys in
the specified areas.

Fracture of magnesium alloys in aggressive media can
occur under the stresses significantly lower than the yield
stress [1-3]. Despite the fact that, lately, the scientific
community aims the significant efforts at the solution of
the SCC problem, many issues related to the nature of

medium remain open. Particularly, there is not a uniform
point of view about the SCC mechanism. This phenomenon
develops as a result of the simultaneous exposure of a me-
chanical stress and corrosive environment and can lead to
the embrittlement of the majority of magnesium alloys [4—
6]. The most common hypothesis is that the main cause of
such embrittlement is hydrogen, which is formed and pene-
trates into the metal in the process of the corrosion reaction
[7-9]. As an argument for this hypothesis, the fact is often
mentioned that magnesium alloys are subjected to the so-
called pre-exposure stress corrosion cracking (PESCC),
which develops as a result of preliminary exposure of
the metal to a corrosion environment and manifests itself in
the form of a decrease in its mechanical properties and
the appearance of a brittle component on a fracture surface
during the subsequent mechanical tests in air.
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Since the specimen does not come into contact with
an aggressive environment directly during the mechanical
tests, the observed embrittlement is associated with
hydrogen absorbed by the metal in the process of preli-
minary exposure to a corrosive solution [13—15]. This phe-
nomenon was observed in many magnesium alloys,
which were held in corrosive media of various composi-
tions [16—18]. Moreover, it was found that the reduction
in the mechanical properties decreases with the increas-
ing strain rate [19; 20]. Such a result is considered as an
additional evidence of hydrogen participation in
the PESCC mechanism [20], since the negative rate de-
pendence of the loss of ductility is a characteristic feature
of many metals and alloys embrittled by hydrogen [21;
22]. This dependence is explained by the fact that with an
increase in the strain rate, a smaller amount of hydrogen
is able to diffuse to the crack tip; therefore, the crack
propagates at a higher external stress rather than in
the presence of hydrogen. Recent studies of the ZK60 and
AZ31 alloys have shown that the PESCC-associated
embrittlement can be completely eliminated by the corro-
sion products removal from the specimen surface before
testing in air, providing that the specimen surface is not
severely damaged by anodic dissolution, during the pre-
exposure to a corrosive environment [19; 23; 24]. At
the same time, gas analysis of specimens with the re-
moved corrosion products showed that the concentration
of diffusible hydrogen in their volume is low [23; 24].
Later, it was identified that the negative strain rate de-
pendence of the loss of ductility of specimens kept in
a corrosive environment for 1.5h becomes positive
(the same as for specimens not exposed to a corrosive
environment) after the corrosion products removal from
the surface [19]. Based on the results, the authors con-
cluded that the main reason for the PESCC-associated
embrittlement is not hydrogen dissolved in the bulk of
the metal but the embrittling agents, such as hydrogen or
residual corrosive environment in the layer of corrosion
products [19; 23; 24]. However, the study of the effect of
the strain rate was carried out in the work [19] on
the specimens kept in a corrosive environment for a rela-
tively short period of time — for 1.5 h. It can be suggested
that during this time, hydrogen did not have enough time
to penetrate deeply into the bulk of the metal, therefore, it
quickly escaped from the surface layer to the atmosphere
after the removal of corrosion products.

In this regard, it is reasonable to carry out the research
of the strain rate effect on the PESCC of the ZK60 alloy
subjected to a longer exposure. It is important to empha-
size that the previous works showed that the increase in
the time of exposure of the ZK60 alloy specimens to
a corrosive environment from 1.5h to 12h leads to
the severe corrosive damages [23], which also can influ-

ence the mechanical properties and their sensitivity to
a strain rate change.

The work is aimed to clarify the role of hydrogen and
irreversible corrosive damage to a surface in the PESCC
mechanism of ZK60 alloy.

METHODS

The ZK60 commercial alloy produced by the hot extru-
sion was used as a research material. The alloy chemical
composition identified using the ARL 4460 optical-
emission spectrometer (Thermo Fisher Scientific) is shown
in Table 1. The alloy has a microstructure with an average
a-phase grain size of 3 um. The microstructure images and
its detailed description are given in one of the previous
works [25].

The threaded cylindrical specimens for tensile tests
with a gauge part of 6x30 mm in size were machined from
a rod with a diameter of 25 mm along the extrusion direc-
tion. The obtained specimens were soaked at open-circuit
potential in an aqueous corrosion solution of 4 % NaCl +
+ 4 % K,Cr,0; (the same solution was used in the work
[19]) for 12 h at room temperature (24 °C) without apply-
ing the external mechanical stress. During soaking, only
the specimen gauge part was in contact with the corrosive
solution. After the exposure, the specimens were removed
out of the corrosive environment and cleaned in an etha-
nol jet, and then dried with compressed air. Corrosion
products were removed from some specimens immediate-
ly after the exposure by dipping specimens in a standard
aqueous solution C.5.4 (20 % CrOs; + 1 % AgNOs) as per
GOST R Standard 9.907 for 1 min, followed by rinsing
with ethanol and drying with compressed air. Within
5 min after the end of exposure or corrosion products re-
moval, a tensile test of a specimen was started, which was
carried out in air at room temperature at constant initial
strain rates in the range from 5-10°° to 5-10*s™" (from
0.01 up to 1 mm/min) using the AG-X plus testing ma-
chine (Shimadzu).

For the reference, similar tests were conducted on spe-
cimens in the initial (reference) state, which were not sub-
jected to exposure to a corrosive environment. After tests,
the fracture and side surfaces of fractured specimens were
analyzed using the SIGMA scanning electron microscope
(Carl Zeiss).

RESULTS

Mechanical properties

Mechanical tests have shown (Fig. 1) that at the same
strain rate, both the strength and ductility of specimens de-
crease remarkably as a result of exposure to a corrosive

Table 1. Chemical composition of the ZK60 alloy, % wt.
Tabnuua 1. Xumuueckuii cocmas cnnasa ZK60, éec. %

Mg Al

Mn Ce Nd Si

Base 0.002 5.417 0.0004 0.471

0.001

0.002 0.005 0.002 0.003 0.003
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environment (Fig. 1 a, 1b). In this case, the mechanical
properties of the specimens are partially restored after
the corrosion products removal. It has been identified that
with an increase in the strain rate, the elongation of
the specimens in the reference state decreases significantly,
while their strength increases. At the same time, the ductility
of specimens, which were exposed to a corrosive medium
before testing, slightly changes with an increase in the strain
rate regardless of whether the corrosion products were re-
moved from them or not. The strength of specimens kept
in a corrosive environment increases with an increase
in the strain rate, but is much weaker than that of specimens
in the reference state.

Since the mechanical properties of specimens in the refe-
rence state vary greatly depending on the strain rate, to as-
sess the rate sensitivity of the alloy embrittlement degree, it
is reasonable to use the value of the ductility and strength

loss with respect to the specimens in the reference state at
a given strain rate. The research identified that the value of
the ductility loss of specimens exposed to a corrosive envi-
ronment decreases with the increase in the strain rate, while
the strength loss, on the contrary, increases (Fig. 1 c, 1 d).
This statement is true both for specimens with the removed
corrosion products and for those from which the corrosion
products were not removed.

The appearance of the strain-stress diagrams obtained
during the testing of the specimens (Fig. 2) indicates that
the decrease in the elongation of the specimens in the refe-
rence state as a result of an increase in the strain rate occurs
mainly due to the reduction of the localized deformation
part of the strain-stress diagram, while the change in
the length of the strain hardening region is much less pro-
nounced. This pattern is clearly demonstrated in Fig. 3,
which shows the graphs of the change in the length of
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Fig. 1. The effect of strain rate on:
a — the elongation to failure; b — the ultimate tensile strength;
¢ — the ductility loss; d — the strength loss of the ZK60 alloy in different states
Puc. 1. Brusnue ckopocmu deghpopmuposanus Ha:
a — omHocumenvHoe yonunenue, b — npeden npounocmu; ¢ — nomepio n1aCMUYHOCMU,
d — nomepro npounocmu 0bpazyog cnaasa ZK60 6 pasHvix cocmosHusx
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the strain hardening — &gy and localized deformation —
9, parts depending on the strain rate for specimens tested in
different states. According to the dependencies in Fig. 3,
d; decreases much more than dgy as a result of soaking in
a corrosive environment. Moreover, after the corrosion
products removal, &gy increases to a level corresponding to
the specimens in the reference state, while 9, just scarcely
recovers. The &gy and 9§, values for specimens kept in a cor-
rosive environment weakly depend on the strain rate, re-
gardless of whether the corrosion products were removed
from the specimens’ surface or not. It should be noted that
for these specimens, with the increase of the strain rate,
dsy slightly increases, while §; slightly decreases.

The analysis of fracture and side surfaces

Fig. 4 a—f indicates that the side surface of the speci-
mens kept in a corrosive environment before testing has
a typical hummocky relief formed as a result of uneven
dissolution of the specimen during the soaking in a corro-
sive environment. To compare, Fig. 4 g—i shows the images
of the side surfaces of the specimens in the reference state,
which have a completely different relief without any signs
of corrosion damage.

It is important to note that on the side surface of
the specimens, from which the corrosion products were not
removed after the exposure to a corrosive medium, there
are numerous cracks oriented perpendicularly to the tensile
axis (Fig. 4 a—). At the same time, the specimens, from
which the corrosion products were removed, do not exhibit
such cracks (Fig. 4 d—f).

The fractographic analysis showed that in the peripheral
part of the fracture surface of the specimens tested after
soaking in the medium without the corrosion products re-
moval, there is a typical annular zone with the brittle frac-

ture morphology, the area of which decreases with an in-
crease in the strain rate (Fig. 5 a—c). At the same time, in
the specimens, from which the corrosion products were
removed before the start of the test (Fig. 5 d—f), as well as
in the specimens in the reference state (Fig. 5 g—i), the frac-
ture surfaces are completely ductile without any signs of
brittle fracture regardless of the strain rate.

DISCUSSION

According to the results obtained, the loss of ductility,
the value of which characterizes the degree of the alloy
embrittlement as a result of PESCC, decreases with an
increase in the strain rate for all specimens kept in a corro-
sive environment for 12 h, including those, from which
the corrosion products were removed after the soaking. At
the same time, one of our recent works shows that the loss
of ductility of the same alloy after keeping in a corrosive
environment for 1.5 h and the subsequent corrosion pro-
ducts removal, on the contrary, increases with an increase
in the strain rate [19]. Moreover, if the corrosion products
were not removed from the specimens’ surface after 1.5 h
of soaking, the loss of ductility decreased with an increase
in the strain rate in the same way as after 12 h of soaking in
the present work.

Holding a generally accepted point of view, according
to which the negative strain rate dependence of the ductility
loss of magnesium alloys during the SCC and PESCC pro-
cesses is associated with diffusible hydrogen dissolved in
them [13; 15; 20], the behavior of the ZK60 alloy mechani-
cal properties depending on the strain rate found in the pre-
sent and previous [19] works can be wrongly interpreted as
follows. As a result of a relatively short exposure to a cor-
rosive environment for 1.5h, hydrogen does not have
enough time to deeply penetrate into the bulk of the metal
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Fig. 2. The effect of strain rate on the stress-strain diagrams
of the ZK60 alloy specimens in different states
Puc. 2. Bruanue ckopocmu 0eghopmuposanus Ha OUazpammsl pacmadiceHus
obpasyoe cnnasa ZK60 6 pasuvix cocmosuusx
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matrix and is located in the surface layer under the crust
of corrosion products preventing its exit from the speci-
men. Therefore, when retaining a layer of corrosion pro-
ducts on the specimens’ surface during the tensile tests,
hydrogen participates in the mechanism of nucleation and
growth of brittle cracks, which ultimately leads to a pre-
mature fracture of the alloy, a decrease in its ductility, and
the formation of a brittle zone on the fracture surface.
With an increase in the strain rate, the amount of hydro-
gen that has enough time to diffuse to the crack tip de-
creases, therefore, the loss of ductility decreases. If
the corrosion products are removed from the specimens’
surface, then hydrogen is rapidly desorbed from the sur-
face layer into the atmosphere, which leads to the reco-
very of the alloy ductility and a qualitative change in
the dependence of the loss of its ductility on the strain rate.
With a longer soaking in a corrosive environment for 12 h,
hydrogen has enough time to penetrate much deeper into
the bulk of the metal and, therefore, is not completely re-
moved from the specimens after the corrosion products
removal. For this reason, both the specimens with the re-
moved corrosion products and those from which the cor-
rosion products were not removed demonstrate a decrease
in the loss of ductility with an increase in the strain rate.
An important argument against such an interpretation of
the results obtained is the fact that the specimens, from
the surface of which the corrosion products were removed
after 12 h of exposure, demonstrate the total absence of
a brittle zone on the fracture surface and brittle secondary
cracks on the side surface, regardless of the strain rate at

which the test was carried out. Thus, the change in the loss
of ductility of these specimens with an increase in the strain
rate cannot be associated with the suppression of the brittle
fracture mechanism, which is an intrinsic feature of
the hydrogen embrittlement. Indeed, previous works show
that the hydrogen concentration in the specimens kept in
a corrosive environment, including for 12 h, and from
which the corrosion products were then removed, is insig-
nificant [23; 24]. The authors made an assumption that
the main reason for the embrittlement of the specimens pre-
exposed to a corrosive environment is the embrittling
agents, such as hydrogen or residual corrosive environment
located in the corrosion products layer [19; 23; 24].
The details of this mechanism will be researched in future
studies. In the present work, it is reasonable to consider
the features of the rate dependence of the properties of
specimens with the removed corrosion products, in which
these embrittling agents are totally absent.

If the fracture of specimens with the removed corrosion
products occurs according to the common ductile mecha-
nism, the same as for specimens in the reference state,
the same character of the dependence of ductility on
the strain rate for these two types of specimens should also
be expected. In particular, this is exactly what was observed
when the exposure time was 1.5h [19]: the ductility of
the specimens, both in the initial state and after the corro-
sion products removal, decreased with an increase in
the strain rate, and, moreover, for the specimens with
the removed corrosion products, a decrease in ductility with
an increase in the strain rate was even stronger than that
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g h i

Fig. 4. The effect of strain rate (a, d, g — 510 °s ' b, e, h—5107 s ¢, fi—510"s")
on the state of the side surface of the specimens tensile-tested in air:
a—c — after pre-exposure to the corrosive medium;
d—f— after pre-exposure to the corrosive medium and removal of corrosion products;
g—i— in the reference state. SEM
Puc. 4. Buusnue cxopocmu deghopmuposanusi (a, d, g — 5107° cil; b, e h— 51070 cil; ¢ fi— 51077 cil)
Ha cocmosinue 60K08OU NOBEPXHOCMU 00PA3YO8, UCHLIMAHHBIX HA PACMAICEHUE HA 8030YXe:
a—c — nocie 8blOEPICKU 8 KOPPOZUOHHOU cpede;
d—f— nocne gvi0eparcku 8 KOppPO3UOHHOU cpede U YOaieHust RPOOYKMO8 KOPPO3UU;
g—i — 6 ucxoonom cocmosinuu. COM
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Fig. 5. The effect of strain rate (a, d, g — 510°¢ s_],' beh—510"° s_],' ¢ fi— 5107 s_])
on the state of the fracture surface of the specimens tensile-tested in air:
a—c — after pre-exposure to the corrosive medium,
d—f— after pre-exposure to the corrosive medium and removal of corrosion products;
g—i— in the reference state. SEM
Puc. 5. Brusnue ckxopocmu degpopmuposanus (a, d, g — 510%¢ b, e h—5107°c ;¢ fi- 57077 cil)
Ha COCMOsSIHUE U3I0MA 00PA3Y08, UCNLIMAHHBIX HA PACMAMCEHUE HA 8030YXe.
a—c — nocie 8bl0epPIHCKU 8 KOPPOSUOHHOI cpede;
d—f'— nocne 6v10eparcKu 6 KOPPOUOHHOUL cpede U YOaneHUss NPOOYKMO8 KOPPO3UU,
g—1— 6 ucxoonom cocmosanuu. COM

of the specimens in the initial state, due to which an in-
crease in the loss of ductility occurred. However, as
the results of this work show, in the case of soaking for
12 h with an increase in the strain rate, the ductility of
the specimens with the removed corrosion products remains
practically unchanged.

It might be supposed that the difference in the rate sen-
sitivity of the ductility of the reference and pre-exposed
specimens with the removed corrosion products can be as-
sociated with irreversible corrosion damage, the degree of
which in the case of soaking for 12 h is significantly higher
than after soaking for 1.5 h. Thus, the work [23] shows that

the surface roughness and the decrease in the cross section
of the ZK60 alloy specimens resulting from corrosion after
12 h soaking in a 4 % NaCl + 4 % K,Cr,0; solution were
4 times higher than after 1.5 h.

A decrease in the cross section of the specimens result-
ing from keeping in the medium leads to a decrease in
the load of yielding and the maximum load to fracture,
which results in an apparent decrease in the yield and ulti-
mate tensile strength. A surface roughness increase associ-
ated with the occurrence of numerous deep corrosion pits,
probably, greatly facilitates the initiation of cracks, which
mainly affects the ductility of the specimens. The results
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of the analysis of tensile diagrams showed that the drop
of ductility resulting from 12 h exposure to a corrosive en-
vironment occurs primarily due to a great reduction
in the length of the localized deformation part 6, which,
unlike dgy, is not recovered after the corrosion products
removal. It is well known that the formation of ductile
cracks in metallic materials occurs due to the coalescence
of voids appearing during tension of smooth specimens
after the significant plastic deformation at the stage of lo-
calized flow in the neck area [26]. Apparently, in specimens
subjected to the exposure to a corrosive medium, ductile
cracks are formed due to the merging of corrosion pits;
therefore, plastic deformation is not needed for the for-
mation of voids, and fracture occurs soon after the defor-
mation is localized in the neck.

According to the results of this work, a decrease in
the elongation of the reference specimens with an increase
in the strain rate occurs as well mainly due to a decrease in
d,. Consequently, an increase in the strain rate does not af-
fect the elongation of the specimens with the removed cor-
rosion products, since their §, has already been reduced
almost to a minimum due to severe corrosion damage.
It should be mentioned that after the removal of corrosion
products from the specimens, which were kept in a corro-
sive environment for 1.5 h and, thus, had much weaker cor-
rosive damage, both §, and dgy were completely restored;
therefore, an increase in the strain rate in this case led to
a decrease in elongation as it was with the specimens in
the reference state.

The results obtained indicate that the presence of a ne-
gative strain rate dependence of the ductility loss during
PESCC of magnesium alloys is not always an unambiguous
indicator of the diffusible hydrogen participation in
the fracture mechanism.

According to the results of this study, in addition to
a decrease in ductility with an increase in the strain rate,
there is an increase in the strength of the specimens both in
the initial state and after soaking and corrosion products
removal. However, the strength of specimens kept in a cor-
rosive medium grows much weaker with an increase in
the strain rate than that of the specimens in the reference
state. For this reason, the strength loss of specimens kept
in a corrosive medium increases with an increase in
the strain rate.

Differences in the rate sensitivity of strength of
the specimens in the reference state and specimens kept in
a corrosive environment can presumably be associated with
corrosion damage as well. Probably, with an increase in
the strain rate, the alloy becomes more sensitive to stress
risers which are corrosion pits. At a low strain rate, they
have enough time to become plastically blunt, which is ac-
companied by the stress relaxation near the stress risers,
while at a high strain rate, the same pits remain relatively
sharp, and therefore, the local fracture stress near them is
achieved at a lower external stress.

Thus, on the one hand, an increase in the strain rate
leads to an increase in the ultimate strength due to the diffi-
culty of plastic deformation in the entire volume of
the specimen. On the other hand, the local hindrance of
plastic deformation near the stress risers prevents their
blunting and, as a result, leads to a decrease in the ultimate
tensile strength. Since the specimens in the reference state
do not have large stress risers, their effect on the ultimate

tensile strength is insignificant, and it greatly increases with
an increase in the strain rate. In addition, with the increas-
ing strain rate of the specimens kept in a corrosive medium,
a decrease in the ultimate tensile strength associated with an
increase in the sharpness of stress risers compensates for
the increase in the ultimate tensile strength from the hin-
drance of plastic deformation over the bulk of the specimen
as a whole.

MAIN RESULTS AND CONCLUSIONS

1. An increase in the degree of corrosion damage on
the surface of the ZK60 alloy specimens resulting from
an increase in the duration of their preliminary exposure to
a corrosive environment can lead to a fundamental change
in the strain rate sensitivity of the mechanical properties of
these specimens during subsequent tests in air.

2. A decrease in the ZK60 alloy elongation with an in-
crease in the strain rate occurs mainly due to a reduction of
the localized deformation stage.

3. The formation of deep pits and other corrosion da-
mages leads to a reduction of the length of the localized
deformation part of the stress-strain diagram and does not
affect the length of the strain hardening region.

4. With an increase in the strain rate, the elongation of
specimens with a high degree of corrosion damage practi-
cally does not change, and the loss of their ductility with
respect to the specimens not subjected to corrosion increas-
es, since the localized deformation stage in the specimens
damaged by corrosion is virtually absent.

5. The negative strain rate dependence of the ductility
loss of the specimens, from the surface of which the corro-
sion products were removed after a long exposure to a cor-
rosive medium, is associated with a high degree of corro-
sion damage to their surface and not with the presence of
hydrogen in their bulk.
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Annomayuna: CyniecTByeT yCTOWYMBOE MHEHHE, YTO BOJOPOJ, NMOTJIOIIAEeMBIi MarHUEBBIMU CIIaBAaMM B IpoIiecce
KOPPO3HUH, MOXET BBI3BIBATh UX KOPPO3HOHHOE PACTPECKUBAHME O] HanpsokeHneM. OIHUM U3 XapaKTepHBIX IPH3HAKOB
yaactus U} dy3HOHHO-IOABIKHOTO BOJOPOJa B MEXaHN3ME pa3pyIICHHS METAJUIOB SBISIETCSI OTPUIATENIbHAS CKOPOCT-
Hasi 3aBUCHMOCTH CTEIICHH OXpYNUYUBaHUS. B HemaBHMX MCCIEIOBaHMAX OBUIO MOKA3aHO, YTO MOTEPs IIACTHIHOCTH 00-
pasmoB cmmaBa ZK60, mogBeprHYTHIX KpaTKOBpeMeHHOMY (1,5 4) BO3IEHCTBHIO KOPPO3UOHHOU CpENbl, NEHCTBHTEIBEHO
YMEHBIIIAETCS ¢ POCTOM CKOpocTH Aedopmaruu. OQHAKO 1MociIe yaaleHUs IPOAYKTOB KOPPO3HH C MTOBEPXHOCTH 00pa3IoB
CKOPOCTHAs 3aBUCHMOCTb MOTEPH UIACTUYHOCTH CTAHOBHUTCS MOJIOKHUTEIHHOH, YTO CBUAETENHCTBYET 00 OTCYTCTBHH BO-
nopona B o6beMe Metama. [Ipu kpaTkoBpeMeHHOH BBIJIEpKKE B KOPPO3UOHHON cpefie TTyOoKoe MPOHUKHOBEHHE BOAOPO-
Jla B METaJJI MOIJIO OBITh OTPaHMYCHO HEJOCTaTOYHBIM Uil Muddy3un Bogopoa BpeMeHeM. B pabote mccnenoBano me-
XaHH4YecKoe moBenieHue craBa ZK60, moaseprayToro 6onee mmureiabHon (12 4) mpenBapuTenbHOM BBIAEPIKKE B KOPPO-
3MOHHOM CpeZe C MOCIEAYIOIUM UCIIBITAHUEM Ha pacTsDKEHHE B aTMoc(epe Bo3JyXa IMPH PasiIH4YHbIX CKOPOCTSX Aedop-
Mauuu. PaccMoTpeHO BIMSHUE CKOPOCTH NeOpMHUPOBaHMS, UIMTEIBHONW BBLACPKKH B KOPPO3HOHHOW Cpelie U Iocie-
JIYIOIIETO YAAIEHHS MPOIYKTOB KOPPO3UH Ha MPOYHOCTD, INIACTUYHOCTD, CTaJANH 1e(OpManMOHHOTO YIPOYHEHHS U JIOKa-
JIM30BaHHON feOpMaIiH, a TaKKe Ha COCTOSTHUE OOKOBOH IMMOBEPXHOCTH M M3IOMOB 00pa3IoB. Y CTaHOBJICHO, YTO MOTEPS
IUTACTUYHOCTH 00pA3IOB, BBIAECPKAHHBIX B T€YeHHE 12 4 B KOPPO3HOHHOM Cpesie, YMEHBIIAETCS C POCTOM CKOPOCTH Ie-
(hOopMHpPOBaHUS HE3aBHCHMO OT TOTO, OBUINM yJajleHbI MPOAYKTHI KOPPO3UH C UX MOBEPXHOCTH min HeT. [lokazaHo, 4TO
B JIAHHOM CJIyyae OTpHIATEIbHAS CKOPOCTHAsI 3aBHCUMOCTD ITOTEPH IUIACTUYHOCTH CBS3aHa HE C BOJOPOJIOM, PaCTBOPEH-
HBIM B 00BEME MeTajiia, a ¢ HaJMJHeM TIIyOOKMX KOPPO3HOHHBIX IOBPEXAECHUH MOBEPXHOCTH 00pa3uoB. [Ipemioxeno
0OBSICHEHHE BIHSHHMSA KOPPO3HMOHHBIX MOBPEKICHWH HAa MEXaHWYECKHE CBOICTBA M YYyBCTBHTEIBHOCTH 3THX CBOWCTB
K U3MEHEHHIO CKOPOCTH Jie(opMaIuu.

Knrwoueewie cnoea: marHueBble CIulaBbl; cruiaB ZK60; KOppo3HOHHOE pacTpeCKUBAaHUE MO/ HANPSHKEHHEM; KOPPO3HS;
CKOpOCTh AehopMaIii; MEXaHMYECKHE CBOICTRA.
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Abstract: Polypropylene is one of the most popular thermoplastic materials used in industry. To produce goods from

this material, the ultrasonic welding method is often used. However, despite a large number of scientific papers, the influ-
ence of some parameters of the ultrasonic welding mode on the strength characteristics of polypropylene joints remains
unstudied. The paper presents the results of experimental studies of contact spot ultrasonic welding of plates 3 mm thick
made of 01003-26 grade polypropylene. The authors considered the process of gradual penetration of the ultrasonic tool
working face into polypropylene to a depth equal to the total thickness of the welded plates. Statistical dependences of
the depth of the tool face penetration into the material and the force of material separation on the ultrasound exposure time
are obtained. The influence of the depth of the ultrasonic tool working face penetration on the tearing force of welded
specimens is determined. A significant increase in the tearing force from 150 to 400 N was found at the tool penetration
depth of more than 3.5 mm due to an increase in the nominal area of mutual mixing of the material between the welded
plates caused by the flow of molten material into the gap. The authors proposed a hypothesis about the flow of the molten
material in the direction opposite to the direction of penetration of the working tool by forming traveling Rayleigh waves.
However, its confirmation requires additional studies of the influence of the ultrasonic welding mode parameters and

the size of the gap between the parts to be joined on the rate of the molten material flow into the gap.
Keywords: ultrasonic welding of plastics; polypropylene; welded joint strength; welding tool working part; ultrasonic

welding time; depth of penetration of an ultrasonic tool face.

For citation: Murashkin S.V., Selivanov A.S., Spiridonov N.G., Savina E.B. Statistical dependences of influence of ul-
trasonic exposure time on the strength and other parameters of a polypropylene welded joint. Frontier Materials & Tech-
nologies, 2023, no. 1, pp. 57-67. DOI: 10.18323/2782-4039-2023-1-57-67.

INTRODUCTION

Today, various polymeric materials begin actively
to displace metals due to some of their technical and eco-
nomic indicators. First of all, this refers to significant corro-
sion resistance, high mechanical properties at a relatively
low density and lower cost than that of metals and alloys [1;
2]. According to the scale of production, among thermo-
plastic polymeric materials, which are characterized by
the ability to pass when heated to a viscous and then liquid
state, polyolefins occupy the leading place. This group in-
cludes low-density and high-density polyethylene, polypro-
pylene, etc. In terms of the production growth rates, these
materials surpass all other polymeric materials, and at pre-
sent, polyethylene ranks first in world production, and poly-
propylene is the fourth [3]. The mass use of polyolefins for
manufacturing various products involves the improvement
of technological processes for their joining. Ultrasonic
welding of polymeric materials remains one of the most
popular methods for joining parts when assembling pro-
ducts and building structures [4; 5].

However, due to the complexity of ultrasonic equipment
and ignorance of the influence of various welding mode pa-
rameters and additional factors (welding time, welding force,
substrate material, soaking time, energy concentrator shape,
etc.) on the strength characteristics of a resulting joint, manu-
facturers of plastic goods made of polypropylene and poly-
ethylene encounter the problems of determining the ultraso-
nic welding optimal modes, which would provide the re-
quired strength indicators of a finished product.

The studies presented in [6] are aimed at searching
for optimal modes of ultrasonic welding of polypropylene.
The authors emphasize the influence of variable welding
parameters, namely, welding time, soaking time, and vibra-
tion amplitude, on the strength characteristics of H110MA
grade polypropylene specimens. Based on the results of
the experiments, the optimal values of technological varia-
bles were determined to ensure maximum tearing strength:
the welding time — 1200 ms, the soaking time — 900 ms,
and the vibration amplitude — 75 %.

In [7], the optimal modes for ultrasonic welding of
polypropylene filled with 10 % glass fiber were found.
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The results of the experiments showed that the maximum
breaking force of about 2.3 kN is achieved with a welding
force of 1.5 bar, a vibration amplitude of 32 microns, and
a welding time 0f 0.4 s.

The authors of [8] investigate the influence of the am-
plitude and welding time on the strength characteristics
of polypropylene, arguing that they are the most important
parameters of the weld joint strength. Ultrasonic welding
of the specimens was performed using a pyramidal energy
concentrator, which made it possible to ensure the welded
joint shear strength equal to 22.36 MPa (319 % of the initial
strength).

The authors of [9] state that it is the shape of the en-
ergy concentrator that has the greatest effect on the strength
of the joint, and the pyramidal energy concentrator al-
lows obtaining the most durable joint made of pure poly-
propylene.

In the work [10], the authors state that the main factors
affecting the strength of a welded joint made of polypropyl-
ene are the welding time and the welding force. According
to the results of the experiments, it was found that the welding
time of less than 2 s and the welding force of less than 2 N
do not provide a monolithic joint, and the welding time of
8 s and the welding force of 8 N lead to the formation
of pores and defects in the weld. The optimal modes
for ultrasonic welding of polypropylene specimens with
a thickness of 4 mm are: the welding time is 4-6s,
the welding force is 5—7 N.

The authors [11] believe that the level of deterioration
in the mechanical and thermal properties of polypropylene
goods after ultrasonic welding depends on the change in
the crystalline structure, glass transition temperature, and
the weight loss, since polypropylene undergoes crystal
reorientations during melting. As a result, a phase is
formed that has an intermediate crystalline order and dif-
fers from the normal phase. After welding polypropylene,
the glass transition temperatures tend to change from 5 to
10 K/min.

Studies allowing a more detailed understanding of the de-
gree of impact of ultrasonic vibrations on the polypropylene
structure are presented in [12]. The authors identified that
after ultrasonic welding, the strength of welded joints after
300-600 h of aging reaches 90—100 % of the base material
strength. However, significant strength instability is ob-
served, which can be traced even on one product, when
the strength of various sections of a weld ranges from 50
to 100 % of the base material strength. It is explained by
complex wave processes during the ultrasound propagation
in welded plastic parts, which leads to an uneven change
in the structure of the weld material [13].

A more detailed analysis of the effect of ultrasonic vi-
brations on the formation of a polypropylene welded joint
using modern techniques, such as differential scanning
calorimetry, thermogravimetric analysis, Fourier trans-
form infrared spectroscopy, and scanning electron micro-
scopy, was carried out in [14]. The analysis of the degree
of stretching of samples after ultrasonic welding allowed
concluding that an increase in the main parameters of
the process (pressure, time, and vibration amplitude)
leads to an increase in the strength of the weld, to the con-
trary, a decrease in plasticity was noted. Using scanning
electron microscopy, the authors revealed the formation

of voids, which is closely correlated with the amplitude
of vibrations.

The works [15-17] present evidence that the strength
of a welded joint during ultrasonic welding directly de-
pends on the amount of melt located between the contact
surfaces. In this case, the amount of melt is determined by
a whole complex of ultrasonic welding modes and depends
on the amplitude and frequency of vibrations, welding
force, the depth of the coupler end face penetration into
the material, the time of exposure to ultrasound, and other
parameters [18].

Based on the analysis of scientific publications, it can
be concluded that the influence of welding time, vibration
amplitude, welding force, energy concentrator geometry
on the strength characteristics of polypropylene samples
and the structure of the resulting weld is well studied in
the literature. All these factors directly determine the
amount of melt formed between the parts during the weld-
ing process. However, the amount of melt in the gap is also
influenced by the working tool end face penetration depth,
which directly depends on the time of exposure to ultra-
sound. This issue has not been addressed in the scientific
literature.

The study aims at the improvement of the strength
of polypropylene welded joints obtained in the process
of ultrasonic welding by adjusting the time of exposure to
ultrasound on the welding zone and the depth of penetration
of the welding coupler end face into polypropylene.

METHODS

Ultrasonic welding of samples was carried out using
a technological complex for ultrasonic welding of plastics
consisting of a welding device and an UZG-2M ultrasonic
generator. The device for ultrasonic welding consists of
an ultrasonic vibrating system (USVS) placed inside a me-
tal case. The ultrasonic vibrating system contains a magne-
tostriction converter of electrical energy into the energy
of mechanical extension vibrations and an ultrasonic cou-
pler rigidly connected to the end face of the converter.
The ultrasonic coupler working part has the form of a cy-
lindrical rod with a flat end 5 mm in diameter.

The ultrasonic welding technological complex was in-
stalled on an FHV-50PD universal milling machine using
specially designed equipment. The equipment includes:

— a device for orienting and fixing sample plates during
ultrasonic welding, made in the form of a prism with
a square base, on the upper end of which there are two mu-
tually perpendicular slots-lodgments for sample plates;

—a unit for fastening the USW device to the quill of
the machine is a bracket with two terminal clamps for
clamping the quill and USW device, respectively;

—a device for creating a constant static pressure of
the ultrasonic coupler working end face on the welding zone
includes a calibrated load mounted to the steering wheel
of the lever-rack mechanism of the machine spindle head;

— a device for measuring the pressing force of the ultra-
sonic coupler working end face to the contact surface of
the sample plates consists of a 7039-2023 spring according
to the TOCT 13165-1967 standard and a rectangular prism
with a blind cylindrical hole located in the center of one
of its faces.
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During calibration, the spring was installed in the prism
hole until it stops. The result of the calibration is a straight
line equation

AF)=b-F, (1)
where A(F) — is the dependence of deformation on the force
of compression of the spring;

b — is the proportionality coefficient, 5=0.122 mm/N;
F —is the spring compression force, N.

Rectangular plates cut from 01003-26 sheet polypropy-
lene 3 mm thick according to the TOCT 26996-1986 stan-
dard were used as samples (Fig. 1).

Contact spot ultrasonic overlap welding of samples was
carried out according to the scheme shown in Fig. 2.

The welding cycle consisted of sequential execution of
the following actions:

—applying a constant static pressure P, equal to
1.32+0.10 MPa, which corresponds to a spring compression
force F equal to 262 N;

— exposure for 3 s for pre-compression of sample plates
under pressure Pg;

— turning on the ultrasonic vibrations (without relieving
pressure);

— switching off the ultrasonic vibrations after a time
t=1.2...3.65s;

— exposure of the welded joint sample under a pressure
Py, for 3 s;

— removal of static pressure P,;.

The static pressure Py is applied before the ultrasonic
vibrations are turned on (the pre-compression time #, is 3 s),
it is considered constant throughout the entire welding
cycle and is removed with a delay of #4. The delay time is
3 s. The time of exposure to ultrasound # varies from 1.2
to 3.6 s.
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Before the first cycle and every 15 USW cycles,
the spring compression deformation was measured and,
using the equation (1), the pressing force value was calcu-
lated, which was controlled within the specified limits
of 262 N.

Sample plates having glossy (with low roughness) flat
surfaces on both sides (Fig. 1) were installed in the corre-
sponding lodgments (Fig. 3), evenly fixed and pressed to-
gether with screws.

The USW mode: generator output power is 330£10 W,
amplitude and frequency of vibrations are 67+3 um and
21915+5 Hz, respectively; the force of pressing the welding
tool (WT) working end face to the samples was applied
in the direction perpendicular to their joint plane and was
maintained within the range of 26+2 N using a calibrated
load mounted to the steering wheel of the lever-rack mecha-
nism of the machine spindle head. After each completed
cycle, the WT surface temperature was controlled by
immersing it for two minutes in a container with cold
water, then blown with compressed air at a temperature
of 2242 °C and wiped with a napkin. The time of ultra-
sound exposure to the welding zone was set according to
the generator timer in the range of 1.2...3.6 s with a step
of 0.2s. At each time value, five experiments were per-
formed (five welded joint samples were created). The joint
samples were marked with Arabic numerals as they were
created (Fig. 3) and prepared for measuring the depth of
coupler working end face penetration into polypropylene.

The depth of ultrasonic coupler penetration into the ma-
terial was measured using a stand equipped with measuring
heads of the C-IV T'OCT 10197-1970 type according to
the scheme (Fig. 4). The welded joint thickness H was
measured with an ABSOLUTE Digimatic 547-401 thick-
ness gauge having a measurement range from 0 to 12 mm,
a resolution of 1 um, and a precision of £3 pm.

Fig. 1. A sample plate
Puc. 1. Obpazey-nracmuna
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Fig. 2. “Static pressure — ultrasound” USW working cycle:
Py, — static pressure; USV — the ultrasonic vibrations, t,— the time of preliminary pressing of samples;,
t; — the ultrasonic vibration exposure time, t;— the static pressure-off delay time; t,,— the welding time
Puc. 2. Pabouuii yuxn Y3C «cmamuueckoe dasnienue — yiompazeyky.
Py, — cmamuueckoe dasnenue; USV — yrvmpaseykoevle konebanus; t, — 6pems npedeapumenpHo20 Cocamus 00pasyos;
t; — epems o30eticmeus Y3K; t;— epems 3a0epacKu CHAMUSL CMamu4ecKo2o 0asieHus, t,,— 6pemst CeapKu

Fig. 3. The creation of a sample of a polypropylene welded joint on a milling machine:
1 and 2 — the upper and lower plates-samples respectively; 3 — the heat insulating substrate;
4 — the welding tool; 5 — the overlap of a pressed-out melt;
6 — the lodgments’ prism; 7 — screws and washers for sample fixation; 8 — the machine-tool clamps
Puc. 3. Cosoanue obpasya ceapnozo coeounenus NOTUNPONUIEHA HA (pe3epHoM cmanKe:
1 u 2 — 6epxnuti u HUMXCHUTI 0OPA3YLI-NAACTNUHBL COOMEEMCMBEHHO, 3 — MEPMOUZ0IAYUOHHAA NOOKNAOKA,;
4 — ceapounblil uncmpymenm,; 5 — HaNIbl8 8blOAGIEHHO20 PACNIABA,
6 — npusma 10cemenmos; 7 — UHmMbL U watiovl 0 Kpenienus oopasyos, 8 — mucku cmanoyhvle
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Fig. 4. The scheme for measuring the thickness of the “bottom” using a C-1V type stand.:
1 and 2 — the upper and lower welded joint plates respectively,; 3 — the metal plane-parallel plate;
4 — ICh-10 type detecting head rigidly fixed on the C-1V type stand; 5 — a hole in the plate;
6 — a welded joint; 7 — the support table of the C-1V type stand;
H — total thickness of the plates in a welded joint; h — the depth of WT working face penetration; c — the “bottom” thickness;
A — measurement location; B — the location of “zero” setting
Puc. 4. Cxema uzmepenuss moawunvl «OHa» npu nomowu cmotiku muna C-1V:
1 u 2 — 6epxusisi u HUIICHSIS NIACMUHbL CEAPHO20 COCOUHEHUSI COOMBEMCMBEHHO,
3 —memannuyeckas niOCKONApaIeNbHas NIACMUHA;
4 — unouxamopnas 2onoska muna M4-10, scecmro 3axkpennennas na cmotike muna C-1V; 5 — omeepcmue 6 niacmune;
6 — ceapnotii wios; 7 — onopHwiti cmoaux cmouiky muna C-1V; H — 0bwas moawyuna niacmuH 6 C8apHoM cOeOUHeHUU,
h — enybuna enedpenus pabouezo mopya CHU; c — monwuna «onay; A — nonosicenue usmepenust, B — nonooicenue ycmanosxu «nynay

The depth of coupler penetration into the material was
determined by the formula (Fig. 4)

h=H-c,

where 4 — is the depth of WT working end face penetration
into polypropylene, mm,;

H — is the total thickness of the plates included in a welded
joint, mm;

¢ — is the “bottom” thickness, mm.

The welded specimens were tested for tensile strength
in accordance with the TOCT P 55142-2012 standard after
their holding for 24 h to complete the material polymeriza-
tion process. The tests were performed on an Instron (USA)
5966 model tensile-testing machine equipped with a force
sensor with a measurement range of 10 kN and a measure-
ment tolerance of +0.5 %. The testing was carried out
in the following sequence:

— the tested samples were conditioned for at least
4 h according to the TTOCT 12423-2013 standard at
a temperature of (23+2) °C and relative humidity
(50£5) %;

— a welded joint sample was fixed in the device (Fig. 5)
and installed in the testing machine so that the upper and
lower clamping plates were pressed by the jaws of the ma-
chine corresponding clamps;

— the sample was loaded with a tensile force in the di-
rection perpendicular to the joint plane of the welded joint
plates, at a speed of 1 mm/min until the plates were com-
pletely separated from each other;

the maximum force applied to destruct the welded joint
sample was recorded;

—the type of destruction was determined according to
the TOCT P 58121.3-2018 standard.

Statistical processing of the measurement results was
performed according to the TOCT 14359-1969 standard

using the STATISTICA software. The MATHCAD soft-
ware was used to approximate the experimental results and
obtain analytical dependencies.

RESULTS

Fig. 6 presents the results of experimental studies of
the dependence of the depth of ultrasonic tool end face pe-
netration and the material tearing force on the time of expo-
sure to ultrasound. As follows from the figure, the depth
of tool end face penetration is proportional to the time of
ultrasound exposure to the welded materials and is deter-
mined mainly by the time of melting the material and its
displacement under the action of the feed force of the ultra-
sonic tool. The dependence of the tearing force of the mate-
rial on the time of exposure to ultrasound has a different
nature and is not linear.

Fig. 7 presents a graph constructed according to the ex-
perimental values in the “tearing force” — “tool penetration
depth” coordinates. As follows from the analysis of the graph,
when the tool penetration depth changes to 3.5 mm,
the material tearing force changes rather smoothly from 50
to 150 N. With a tool penetration depth of more than
3.5 mm, a significant increase in the tearing force from 150
to 400 N is observed.

During the tests, the authors noted that the deformation
in the direction of application of tensile forces increases
to the yield point, then almost immediately the destruction
of the welded joint occurs. Fig. 8 shows the appearance
and the state of the welded joint samples during loading
by the tensile force at the moments of its maximum and
minimum values. From the figure, it can be observed that
at the moment of applying the maximum force, the plates
were strongly bent (Fig. 8 a).

The weld is deformed, and with the formation of
the neck, the joint is destroyed. The type of fracture is
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Fig. 5. A device for fixing a welded joint sample on a tensile testing machine:
1 and 2 — the upper and lower welded joint plates respectively;
3 and 4 — the upper and lower bearing metal plates; 5 and 6 — the upper and lower locking plates;
7 and 8 — the support pins; 9 — the adjusting screw, 10 — the anchor nuts
Puc. 5. IIpucnocobnenue 0s KpenieHus o0pasya c8apHo20 cOCOUHEHUs: Ha PA3PLIGHYIO MAUUHY:
1 u 2 — 6epxHsisi U HUIICHSISL NIACMUHBL C8APHO2O COCOUHEHUSI COOMBEMCMBEHHO,
3 u 4 — 8epxHssL U HUIICHSS ONOPHBLE MEMALIUYECKUE NAACMUNDL,
5 u 6 — 8epXHASL U HUIICHAS 3AACUMHBLE NAACMUHDL,
7 u 8 — onopuvie nanvyvi; 9 — pecynuposounsiii gunm, 10 — KpenesjicHvie 2auku
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Fig. 6. Experimental values and approximating them graphical dependences
of the depth of tool face penetration into the material (a)
and the force of material separation (b) on the ultrasound exposure time
Puc. 6. Dxcnepumenmanvhvle 3HAYEHUs U ANNPOKCUMUPYIOUUE UX 2PAPUHECKUE 3a8UCUMOCTU
2YOUHbL BHEOPEHUs MOPYA UHCIPYMEHMA 6 Mamepua (a)
u ycunus ompuiea mamepuana (b) om epemernu 6o3deiicmeuss yiompaseyKka
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Fig. 7. Experimental values and approximating them graphical dependence
of the force of material separation on the depth of tool face penetration into the material during ultrasonic welding
Puc. 7. Dxcnepumenmanbhule 3HAUEHUA U ANNPOKCUMUPYIOWAS UX 2PAPUYECKASL 3A8UCUMOCTIL
VCUnUA OMpyl8a Mamepuaida om 2iyouHsl BHeOPEHUs MOPYA UHCIMPYMEHMA 6 MAMeEPUAn npu YIbmpaseyKosoll ceapke

Fig. 8. The state of the sample during testing:
a — at the moment of maximum force tearing the welded joint plates from each other; b — at the moment of tearing off.
In the figure: 1 and 2 — the upper and lower welded joint plates respectively, 3 and 4 — the upper and lower bearing metal plates;
5 and 6 — the upper and lower locking plates; 7 and 8 — the support pins
Puc. 8. Cocmosnue obpaszya npu ucnvimanuu:
a — 8 MOMEHN MAKCUMATLHOL CUTIbl, OMPbLEAIOWell NIACMUHbL C6APHO20 COeOUuHeHUs: Opye om opyea; b — e momenm ompoisa.
Ha pucynke: 1 u 2 — 6epxusis u HUIICHSIS NIACMUHBL C8APHO20 COCOUHEHUSI COOMBEMCMBEHHO,
3 u 4 — eepxHsA U HUIICHSISL ONOPHBLE MEMANIUYECKUE NAACMUNbL, 5 U 6 — 8EDXHIS U HUICHSISL 3AHCUMHbIE NAACIUHbBL, 7 U 8 — ONOpHble natbybl

plastic over the entire separation surface. After separation,
the tensile force disappears, the bending deformations are re-
moved, and the plates return to their initial position (Fig. 8 b).
The three-dimensional surface, along which the destruc-
tion of the welded joint occurs as a result of the separation
of the plates from each other, visually represents a group
of many pimples and dimples of arbitrary shape and size.
Fig. 9 shows the appearance of the welded joint fracture
surfaces for samples when the tool face penetration depth
does not exceed the plate thickness (Fig. 9 a) and when it
exceeds (Fig. 9 b). In the first case, the tool end face pene-
tration depth is 2.64 mm, the tearing force was 146.80 N,

and the fracture surface is limited by a circle with a diame-
ter almost equal to the WT end face diameter. In the second
case, the tool end face penetration depth was 3.93 mm,
the tearing force was 233.68 N, and the fracture surface
diameter was much larger. Fig. 9 b shows traces of the melt
flow even beyond the plate.

DISCUSSION

The analysis of the results states that with an increase
in the exposure time, an increase in the tearing force oc-
curs which is caused by an increase in the nominal area
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Fig. 9. Typical view of the welded joint fracture surface after separation of the plates from each other:
a — welded joint sample No. 6.2 (t;=2.2 s; h=2.64 mm; F=146.80 N);
b — welded joint sample No. 9.5 (t;=2.8 s; h=3.93 mm; F=233.68 N).
In the figure: 1 and 2 — the upper and lower welded joint plates respectively,
3 — the surface of a through hole formed as a result of WT face penetration to a depth of 3.93 mm;
4 — joint fracture surfaces; 5 — a dimple in the form of a recess hole
Puc. 9. XapaxmepHoiil 6U0 N0BEPXHOCMU PA3PLIEA CEAPHOLO COCOUHEHUsI NOCIe OMPbLEA NAACMUN Opy2 Om Opyaa:
a — obpasey ceaprozo coedunenua Ne 6.2 (t;=2,2 c¢; h=2,64 mm; F=146,80 H),
b — obpaszey ceapnoeo coeounenusa Ne 9.5 (t;=2,8 ¢; h=3,93 mm; F=233,68 H).
Ha pucynke: 1 u 2 — 6epxusis u HUICHASA NIACMUHBL CBAPHO20 COCOUHEHUSI COOMBEMCMBEHHO,
3 — nosepxnocms ck803H020 omeepcmust, 06pazosasuiecocs 6 pesyivmame enedperus mopya CU na enybuny 3,93 mm;
4 — nosepxHocmu paspwiéa coeOuHenus,; 5 — yenyonenue 8 suoe 2iyxo20 omeepcmust

of material intermixing. This increase in the strength of
welded joints was noted in many works [15—17], however,
in them, an increase in the amount of melt occurs due to
the application of energy concentrators of various shapes
and sizes, which increase the roughness of the surfaces
to be joined [18; 19].

In our case, ultrasonic welding of polypropylene plates
with a flat glossy contact surface having a low roughness
was performed. Taking into account that the thickness
of the welded samples was 3 mm, and the tool penetration
depth was more than 5 mm, i.e., above the interface be-
tween the samples, the increase in the intermixing area,
and, accordingly, in the tearing force, can only be associat-
ed with the flow of molten material into the gap between
the contact surfaces of the specimens to be joined during
welding.

Although polypropylene is a polycrystalline material,
it is very soft and capable of forming a mechanical surface
joint even at poor melting [20]. This provides good adhe-
sion of the molten material in the gap between the surfaces
of the plates, and, consequently, an increase in the tearing
force. On this basis, it would be very useful to carry out
a similar experiment using other materials, for example,
an amorphous material such as polystyrene and a harder
polycrystalline material such as polyphenylene sulfide.

Moreover, the work did not study the effect of the size
of the gap between the parts to be joined on the amount
and distribution of the material melt flowing into it, which
is of practical interest from the point of view of assembling
parts before ultrasonic welding.

The flow of molten polypropylene up the working tool
walls in the direction opposite to the direction of its pene-
tration, and the material flow into the gap between
the plates being joined, is apparently associated with a de-
crease in the friction force due to high-frequency vibrations,
which contribute to the formation of surface traveling Ray-

leigh waves. The observed phenomenon can be applied
in practice for ultrasonic welding of polypropylene products
without using the energy concentrators, which will simplify
the design of the parts to be joined, and, consequently
the methods of their production. However, this issue re-
quires a more detailed study and determination of quantita-
tive dependences of the material flow rate on the amplitude,
vibration frequency, and other ultrasound parameters.

MAIN RESULTS

1. The dependence of the ultrasonic tool end face
penetration depth is directly proportional to the time of ex-
posure to ultrasound when welding polypropylene.

2. The dependence of the tearing force of the welded
joint of materials welded by ultrasonic with overlap on
the time of ultrasound exposure is non-linear and increases
sharply when a certain time of ultrasound exposure is
reached.

3. With an increase in the depth of the tool end face
penetration to the interface between the plates, the strength
of a welded joint gradually increases, and beyond the inter-
face, the strength growth rate increases.

4. The welded joint strength increases with an in-
crease in the amount of melt located between the contacting
surfaces of the plates.
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Annomauuﬂ: HOJ’II/IHpOHI/IHCH SABJIACTCA OOHUM M3 Hanbosee BOC’Ip66OBaHHLIX TEPMOIUIACTUIHBIX MAaTCpHUAJIOB, IPpHU-

MEHSIEMBIX B NPOMBIIUICHHOCTH. {151 N3rOTOBIICHHS M3JEJMM M3 JAHHOTO Marepuaja 3a4acTylo IPUMEHSETCsS CIoco0
yIBTPa3BYKOBOI cBapku. OfHAKO, HECMOTPS Ha OOJIBIIOE KOJIMYECTBO HAYyYHBIX PabOT, BIMSHUE HEKOTOPHIX MAapaMeTpOB
peXXruMa yNbTpa3BYKOBOW CBAPKU HA NMPOYHOCTHBIE XapaKTEPUCTUKU COEIMHEHUIN IMOJUIPONMIIEHA OCTAETCS HEU3ydeH-
HBIM. B pabote mpesicTaBiieHBl pe3yibTaThl SKCIIEPUMEHTAIBHBIX HCCICIOBAaHUNA KOHTAKTHON TOYEYHOH yIbTPa3ByKOBOH
CBapKH IUTACTHH TONIIMHON 3 MM u3 momumnponmieHa mapku 01003-26. PaccMoTper mporecc IOCTETIEHHOTO BHEIPEHUS
pabouero Topua yiapTPa3ByKOBOTO MHCTPYMEHTA B IOJHIIPONIJICH 10 ITyOWHBI, paBHOW OOIIeH TONIIMHE CBapHBAEMBIX
racTiH. [lomydeHsl CTaTHCTHYECKHE 3aBHCHUMOCTH TIYOWHBI BHEIPEHHS TOpIla MHCTPYMEHTAa B MaTepHal WU YCIUIIUS
OTpBIBAa MaTepHaia OT BPEMEHH BO3JEHCTBHA ynbTpa3Byka. OmpesesnieHo BIAMSHUE TIIyOMHBI BHEAPEHHS pabodero ropra
YIIBTPa3BYKOBOI'O HMHCTPYMEHTA Ha YCHIIME OTpPhIBa CBApEHHBIX 00pa31oB. OOHapyKeHO 3HAUYNTEIBHOE YBEIMYCHHUE YCHU-
mus otpeiBa ¢ 150 1o 400 H npu riryOnHe BHepeHNsT HHCTPYMEHTA CBBIIIE 3,5 MM, 00YCIIOBJIEHHOE POCTOM HOMHHAIBHON
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IUTOLIA M B3aMMHOTO TMEPEMEIIMBaHUs MaTepuaa MEXIy CBapUBACMBIMH ILJIACTHHAMM, BBI3BAHHOTO 3aTEKAHHUEM pac-
IUIABJICHHOTO MaTepuana B 3a30p. [Ipe/siokeHa rumore3a 0 TeUSHUH PACILIABICHHOTO MaTepuaia B CTOPOHY, IPOTHBOIIO-
JIO)KHYIO HalpaBJICHUIO BHEAPEHUS pabovuero HHCTPYMEHTa, ImyTeM GOopMUPOBaHus Oerymux BoJiH Penes. OqHako ee 1mo -
TBEpXK/CHUE TPEOYET MPOBECHMUS TOTOJHUTEIbHBIX UCCIICAOBAHNI BIUSIHUS TAPAMETPOB PEXKUMa YIIbTPa3BYKOBOIl cBap-
KU ¥ BEJIMYUHBI 3330pa MEXK/Y COCTHHACMbIMU JIETAJSIMU HA CKOPOCTh 3aTEKAHMSI PACILIABICHHOTO MaTepuaia B 3a30p.

Kniouesvie cnosa: ynbTpa3ByKoBasi CBapKa IJIACTMACC; TIOIUIPOIIICH; IIPOYHOCTH CBAPHOTO COSANHEHUSI, pabodas 4acTh
CBapOYHOTO MHCTPYMEHTA; BPeMsl YIIbTPa3BYKOBOW CBapKH; MIyOMHA BHEJJPCHHUS TOPIIA YIBTPa3BYKOBOI'O HHCTPYMECHTA.

Jna yumupoeanusa: Mypamikud C.B., CenuBanoB A.C., CnupunonoB H.I'., CaBuna E.b. Ctaructudyeckue 3aBUCHUMO-
CTH BIIUSTHUSI BPEMCHH BO3JICHCTBUS YIbTPa3ByKa Ha MPOYHOCTh U JPYTUC MTAPaMETPhl CBAPHOTO COCTHHEHUS MOIHUIIPOIH-
nena // Frontier Materials & Technologies. 2023. Ne 1. C. 57—67. DOI: 10.18323/2782-4039-2023-1-57-67.
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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.

Keywords: rotary friction welding; drill pipes; welded joint; fatigue strength; limited endurance curve; 30XI'CA steel;
40XM®A steel.
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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, npeoHA3HAYEHHbIX 0151 NPOU3800Cmea OypubHulx 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. G2, 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 cgoticmea nonyueHvl Ha oopaszyax ¢ oaunou 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 coedureHuem 0aa UCHBIMAHUL HA YCMALOCb

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, pPOMAYUOHHOU C8apKoll mpenuem (pedxcum Ne 2)
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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
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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 paspyuteHusi 06pasyos céapruix 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 coedunenutl
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) uz10M06 céapHvIX coeOUHeHUI

nocie ucnblmanuli Ha yCmailoCmmylo RpOYHOCHb NOCIe C8APKU NO 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 yemanocmu), ¢, f— yuacmox 2 (3ona donoma)
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Fig. 8. Limited endurance curves of the 30XI'CA steel and a welded joint of 30XI" CA—40XM®A steels
Puc. 8. Kpusvie ocpanuuennoii svinocaugocmu cmanu 30XI'CA u ceéaproeo 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 (o,=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 ceaprozo coedunenuss 30XI' CA—40XMDA (6,=495 Mlla, N=15077) (a—c)
u moHoaumrozo oopaszya cmanu 30XI'CA (6,=508 MIla, N=14965) (d—f),
NONYYEHHBIX NPU UCHLIMAHUSX 8 YCIIO0BUX MALOYUKIOBOU YCIMALOCIU:
a, d — oowuii 6ud; b, e — yuacmox 1 (3ona ycmanocmu), ¢, f— ywacmox 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®PA (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 ycmanrocmu); ¢, 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 OypuibHON 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), ¥ MOCIeCBapOYHOTOo OTITycKa mpu TemmepaTtype 550 °C Ha IUKINYECKYIO TOJTOBEYHOCTh CBAPHBIX COETMHEHUN
B YCJIOBHSIX 3HAaKOIIEPEMEHHOTO PACTSDKEHHA-CKATUS IIPU HANPSHKCHUH aMIUTUTYAB! Iuka +420 MIla. YcraHoBieHO, 4TO
C YBEIMYEHHEM CHJIBI IPU HAarpeBe B 30HE TEPMOMEXAaHHUYECKOTO BIUSHHUSA MPOUCXOISAT M3MEHEHHS MHUKPOCTPYKTYPHI,
CHOCOOCTBYIOIINE MOBBIIIEHHIO YCTAJIOCTHOW IPOYHOCTH CBAPHBIX COCAMHEHUH. BBISABIEHO 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 npokosku F,,=160 xH, yacTora Bpamenus npu Harpese n=800 06/MMH M Ocajika IpU Ha-
rpese /=8 mm. IlpoBeneHa cepusi yCTAJIOCTHBIX MCIBITAHUN TPH PA3IMYHBIX 3HAYCHUSIX HANPSHKCHUS aMIUTHTY]IbI UK
CBapHOTO COEAMHEHHS, MOJyYEHHOTO Ha ONTHUMAJIBLHOM peXuMe, U ocHOBHOro MeTayta ctanu 30XI'CA; mocTpoeHsl Kpu-
BbIC OTPAaHWYECHHON BBIHOCIMBOCTH. [l0Ka3aHO, 4TO pa3inu4us B KPUBBIX OIPaHHUYEHHOI BBIHOCIMBOCTH MaTepHaia Teja
TpyOsI (cTanbs 30XI'CA) u cBapHOTO COSTUHEHHSI HE3HAUUTEIbHBI. [10oTyueHHbIe pe3yNbTaThl JONOJHEHB! 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;
KpuBasl orpaHi4eHHON BeIHOCIUBOCTH; cTanb 30XI'CA; crams 40XM®DA.
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