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Abstract: An effective way to protect valve metals and their alloys is the micro-arc oxidation method (MAO), 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 

MAO) on the morphology and parameters of oxide coatings (thickness δ and surface roughness Ra) 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. 

Keywords: micro-arc oxidation; oxide coating; acoustic emission; multivariate analysis; surface morphology; alumi-

num alloy; D16AT alloy; valve group alloy. 
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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  

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], 

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  
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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 UB, 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, 20×20 mm in size cut from a D16AT 

aluminum alloy sheet in a naturally aged state and clad  

on both sides with pure aluminum 100 μm 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 

Na2SiO3 + 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 

Рис. 1. Схема установки МДО и регистрации данных: 

1 – модуль регистрации и управления; 2 – источник питания; 3 – ячейка для выполнения оксидирования;  

4 – фиксатор; 5 – образец; 6 – ванна; 7 – электролит;  

8 – преобразователь акустической эмиссии (ПАЭ); 9 – усилитель 

 

 

 

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 t 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 UD 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 δ and surface rough-

ness Ra 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 Ra 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  

Таблица 1. Матрица факторного планирования эксперимента 

 

 

Factor 

Samples 

D1 D20 D10 D11 D5 D19 D12 D21 D9 

Current density i, A/dm2 22 48 74 

Treatment time t, 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. 

Примечание. Цифра после буквы D в обозначении образцов означает порядковый номер серии испытаний, проводимых  

во время исследований, и не связана с номером факторного планирования эксперимента. В каждой серии выполнялось  

как минимум по три эксперимента, позволяющих обеспечить его статистическую повторяемость и достоверность.  
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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 t) as the input variable factors, 

as well as the values of the parameters of the produced 

oxide coatings (thickness δ, surface roughness Ra)  

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 UD, 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 UD(t) typical view for a sample 

oxidized at the current density i=48 A/dm
2
 is shown in Fig. 2. 

The arrows in figure indicate the oxidation time periods  

for the samples: t=180 s is for D11, t=900 s is for D5,  

and t=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 i=48 A/dm
2
 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 

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 c 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 (δ and Ra) obtained after oxidation  

on the MAO modes (i, t). 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 δ and Ra values do 

not have the same growth function of the measured parame-

ter on the given factors (i, t) within the entire range [19], 

and in a certain range of the factors’ values, a significant 

change in the δ and Ra 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 δ and Ra parameters measured during MAO 

and one of the oxidation electrical parameters (the effective 

value of the pulse oxidation voltage UD) are presented  

in the formulas: 

 

 

 

 

 

Fig. 2. The diagram of the voltage dependence on the MAO time 

Рис. 2. Диаграмма зависимости напряжения от времени МДО 
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 c d 

       

 e f 

Fig. 3. MAO-coating surface morphology for the samples:  

a, b – D11; c, d – D5; e, f – D19 

Рис. 3. Морфология поверхности МДО-покрытия для образцов:  

a, b – D11; c, d – D5; e, f – D19 
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 a b 

Fig. 4. 3-D dependences of the MAO-coating parameters on the specified factors: a – δ(i, t); b – Ra(i, t) 

Рис. 4. Трехмерные зависимости параметров МДО-покрытий от заданных факторов: a – δ(i, t); b – Ra(i, t) 

 

 

 

ti  0123,02819,0199,12 ; 

 

tiRa  0015,00327,0275,1 ; 

 

tiUD  0757,01875,237,95 . 

 

Table 2 shows the coating δ and Ra 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 δ  

on the stress UD 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 Ra roughness on the UD 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 δ and Ra, 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 t 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 UD 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 P1, P2, and P3. 

It should be noted that in Table 3, the values of the P2 

and P3 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 P2 or P3 stage.  

The linear regression equations when calculating  

the values of the coating parameters using the P1 factor take 

the form: 

 

12426,02267,0018,0922,11 Pti  ; 

 

10362,00344,00067,02,3277 PtiRa  . 
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Table 2. Values of MAO-coating parameters 

Таблица 2. Значения параметров МДО-покрытия 

 

 

Sample No. 

MAO-coating parameters 

Experimental values Calculated values 

δ, µm Ra, µm UД, V δ, µm Ra, µm UД, 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±0.22 281±14 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 

 

 

 

 

 

 

            
 

 a b 

Fig. 5. The dependences of experimental and calculated values  

of the parameters of coatings on the voltage UD:  

a – δ(UD); b – Ra(UD) 

Рис. 5. Зависимости экспериментальных и расчетных значений  

параметров покрытий от напряжения UD:  

a – δ(UD); b – Ra(UD) 
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 a b 

Fig. 6. A graph relating the experimental and calculated values of the MAO-coating parameters: 

a – coating thickness; b – coating roughness 

Рис. 6. График, связывающий экспериментальные и расчетные значения параметров МДО-покрытия: 

a – толщина покрытия; b – шероховатость покрытия 

 

 

 

           

 a  b 

 

c 

Fig. 7. Time diagrams of the AE amplitude and oxidation voltage registered during MAO:  

a – sample D10; b – sample D19; c – 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 

Рис. 7. Диаграммы временных зависимостей амплитуды АЭ и напряжения оксидирования,  

регистрируемых в процессе МДО:  

a – образец D10; b – образец D19; c – образец D9.  

На диаграммах: A – граница стадий 1 и 2; B – граница стадий 2 и 3;  

C – граница стадий 3 и 4; N – завершение процесса МДО 
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Table 3. AE parameters 

Таблица 3. Параметры АЭ  

 

 

Oxidation  

period,  

s 

Sample No. 

D1 D20 D10 D11 D5 D19 D12 D21 D9 

AN (P1) 109±5 808±7 1515±8 135±7 859±6 1575±5 151±7 868±8 1587±5 

BN (P2) – 400±15 690±20 – 700±18 1394±16 46±10 768±14 1479±14 

CN (P3) – – – – 70±23 795±20 – 258±18 984±21 

 

 

 

The linear regression equations when calculating  

the values of the coating parameters using the P2 factor take 

the form: 

 

20174,00014,0018,08397,7 Pti  ; 

 

20026,000000955,00229,03742,1 PtiRa  . 

 

The linear regression equations when calculating  

the values of the coating parameters using the P3 factor take 

the form: 

 

35,85813,83825,600001,0 Pti  ; 

 

33,131,11459,92181,1528 PtiRa  . 

 

Table 4 gives the values of the coating δ and Ra parame-

ters obtained experimentally and calculated by solving  

the above equations using an additional factor. 

At the first stage OA up to a voltage of 150–250 V,  

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 (AB 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
2
. 

Fig. 7 demonstrates that at the initial stage OA, at a high 

rate of the oxidation voltage UD 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 P1 factor as an additional factor 

in the regression calculation. The OA stage boundary  

for determining the P1 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 P1 stage achievement time, it can be identified 

that the reliability of the linear approximation between  

the calculated and experimental values of the thickness δ 

and oxide coating roughness Ra is much higher (Fig. 8) 

compared to the results of the regression calculation with-

out the additional P1 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 Ra 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 P1 fac-

tor characterizing the coating roughness have a rather low 

value of the reliability of the linear approximation 

R
2
=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 AB 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 δ and roughness Ra  

of the coating when using the AE P2 factor in the regression 

analysis. As opposed to the P1 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 P2 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 P1 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 

Таблица 4. Результаты эксперимента  

 

 

Sample No. 

Experimental values Calculated values 

δ, µm Ra, µm 
δ, µm Ra, µm 

P1 P2 P3 P1 P2 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 3.3 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 32.1±2.7 4.97±0.36 31.0 33.9 36.4 3.5 4.35 4.95 

 

 

 

 

 

 

 

            

 a b 

Fig. 8. A graph relating the experimental and calculated values  

of the thickness δ (a) and roughness Ra (b) of the coating with the participation of the P1 factor 

Рис. 8. График, связывающий экспериментальные и расчетные значения  

толщины δ (a) и шероховатости Ra (b) покрытия при участии фактора P1 
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 a b 

Fig. 9. A graph relating the experimental and calculated values  

of the thickness δ (a) and roughness Ra (b) of the coating with the participation of the P2 factor 

Рис. 9. График, связывающий экспериментальные и расчетные значения  

толщины δ (a) и шероховатости Ra (b) покрытия при участии фактора P2 

 

 

 

potential, during which there is no stable growth of the oxide 

coating due to the MAO mechanism. Therefore, the use  

of the P2 parameter as compared to P1, 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 δ and rough-

ness Ra when using the additional P3 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 P3 parameter. The CN period is defined from the end  

of the BC stage to the end of MAO. 

Fig. 7 b, 7 c 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 δ 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 δ. 

The abovementioned analysis proves that the P3 factor 

has a closer relationship with the MAO-coating parameters 

than the P1 and P2 factors. Using the P3 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 t=180–1620 s and the current 

density i=22–74 A/dm
2
. 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 UD. However, the results  

of study of the dependence of the coating parameters  

on UD showed poor accuracy for determining δ and Ra 

(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 P1 parameter defined as the AN period eliminates 
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 a b 

Fig. 10. A graph relating the experimental and calculated values  

of the thickness δ (a) and roughness Ra (b) of the coating with the participation of the P3 factor 
Рис. 10. График, связывающий экспериментальные и расчетные значения  

толщины δ (a) и шероховатости Ra (b) покрытия при участии фактора P3 

 

 

 

the negative effect of the initial OA 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 P1 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 AB stage, where only 

multiple very-small-diameter channels are visible, charac-

terizing the sparking onset. The replacement of the P1 

parameter in the regression analysis with the P2 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 

Р3 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 P2 

and P3 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  
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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. 
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Аннотация: Эффективным способом защиты вентильных металлов и их сплавов является метод микродугово-

го оксидирования (МДО), в настоящее время применяемый в различных отраслях. Однако для достижения желае-

мых характеристик и свойств оксидных покрытий требуется большое число экспериментов по определению опти-

мального режима оксидирования, что делает метод МДО трудоемким и ресурсозатратным. Одним из путей реше-

ния данной проблемы является поиск информативного параметра или нескольких параметров, использование ко-

торых при мониторинге процесса оксидирования позволит установить связь между режимами МДО и заданными 

характеристиками оксидных покрытий. В работе изучено влияние заданных технологических режимов МДО 

(плотности тока, времени оксидирования, регистрируемой в процессе МДО амплитуды сигналов акустической 

эмиссии (АЭ)) на морфологию и параметры оксидных покрытий (толщину δ и шероховатость поверхности Ra), 

наносимых на алюминиевый сплав Д16АТ, плакированный чистым алюминием. Многофакторное планирование 

эксперимента и проведенный регрессионный анализ позволили установить связь между двумя факторами оксиди-

рования (плотностью тока и временем оксидирования) и параметрами получаемых покрытий. Предложен допол-

нительный фактор, определяемый в режиме мониторинга в процессе оксидирования как время от момента дости-

жения максимума или минимума регистрируемой в процессе МДО амплитуды АЭ до окончания процесса оксиди-

рования. Установлено, что введение дополнительного фактора позволяет существенно повысить достоверность 

зависимости между параметрами покрытий, получаемыми экспериментально и расчетным методом на основе рег-

рессионного анализа. Отмечено, что при выполнении МДО высокая достоверность между расчетными и фактиче-

скими значениями параметров оксидных покрытий может быть достигнута при дополнительном мониторинге 

процесса МДО путем регистрации амплитуды АЭ.  

Ключевые слова: микродуговое оксидирование; оксидное покрытие; акустическая эмиссия; многофакторный 

анализ; морфология поверхности; алюминиевый сплав; Д16АТ; сплавы вентильной группы.  
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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; АА5083; coupled Euler – Lagrange approach; numerical modeling of temperature 

fields. 

For citation: Zybin I.N., Antokhin M.S. Numerical modeling of temperature fields during friction stir welding of 

the AA5083 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 AA5083 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 AA5083 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 EC3D8RT and 

C3D8RT 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 AA5083 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]: 

 

0

1 ln 1
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where σy – is the yield strength;  
n
p  – is the effective plastic strain;  
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Fig. 1. FSW tool dimensions  

Рис. 1. Размеры инструмента для СТП 

 

 

 

 

 

Fig. 2. Finite element models of the part, substrate, and tool  
Рис. 2. Модели детали, подложки и инструмента, построенные с помощью метода конечных элементов 

 

 

 

Tm – is the melting temperature;  

Tr – is the room temperature;  

T – is the material temperature;  

A, B, C, n, m, ε0 – are the model parameters.  

The model parameters (1) are shown in Table 1.  

In the current work, an approach related to metal mass 

scaling is selected to reduce the calculation time.  

The metal density was calculated as per the formula 

 

* mk   ,
                                  

(2) 

 

where ρ* – is the fictitious density;  

km – is the scaling ratio determining what fold approxima-

tely the calculation time will be reduced (km>1); 

ρ – the material density. 

The scaling ratio km is chosen so that the inertial forces 

on the right side of an equation (2) remain small. 

 

The scaling ratio value is chosen equal to km=400. When 

solving the formulated task, the Navier thermoelasticity 

equation is used: 

 

   2

2

u
u tr E T

t


             


,     (3) 

 

where E – is the linear strain tensor;  

µ and λ – are the Lame coefficients;  

T – is the temperature;  

α – is the thermal expansion coefficient;  

u – is the displacement vector;  

ρ – is the density;  

t – is the time;  

  – is the nabla operator;  

tr – is the Е 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 

 
* 1
e e nс c k  ,

                                 
 (4)

 
 

where се* – is the fictitious density;  

kn – is the heating capacity scaling ratio;  

се – is 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 kn 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 kn was assumed to be equal to  

the mass scaling factor km=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 distr i-

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 (km=kn=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 kn. 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 

(km=400; kn=257). According to the simulation results,  

the welding area maximum temperature was 584 °С.  

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 °С) 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 °С. 

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] 

Таблица 1. Значения параметров модели пластичности Джонсона – Кука  

для материалов АА5083 и AISI 1020 [18] 

 

 

Parameter 
Material 

AA5083 AISI 1020 

A 137.9 187.60 

В 216.73 199.10 

n 0.4845 0.1717 

m 1.2250 0.4437 

Tm 659.85 1460.00 

Tr 25 25 
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Fig. 3. A thermocouples layout: 1–12 – thermocouples installation locations 

Рис. 3. Схема расположения термопар: 1–12 – места установки термопар 

 

 

 

 

 

a 

 

b 

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 (km=kn=400) 

Рис. 4. Распределение температурных полей на поверхности свариваемых деталей  

при моделировании процесса СТП: 

a – модель без применения масштабирования массы; 

b – модель с применением масштабирования массы (km=kn=400) 
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a 

 

b 

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 (km=400; kn=257) 

Рис. 5. Распределение температурных полей на поверхности свариваемых деталей  

при моделировании процесса СТП: 

a – модель без применения масштабирования массы; 

b – модель с применением масштабирования массы (km=400; kn=257) 

 

 

 

 

 

 

           

 a b 

Fig. 6. The location of thermocouples before (a) and after (b) welding of parts 

Рис. 6. Расположение термопар перед (a) и после (b) сварки деталей 
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Fig. 7. The distribution of temperature fields during friction stir welding: 1–6 – the numbers of thermocouples 

Рис. 7. Распределение температурных полей при СТП: 1–6 – номера термопар 

 

 

 

 

 

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) 

Рис. 8. Распределение температурных полей при СТП, полученных  

с помощью компьютерного моделирования и экспериментальным путем: 

1–2 – термопары (эксперимент); 3–4 – термопары (моделирование) 
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Lagrange approach, in the work [20], the maximum tem-

perature in the welding area was 575 °С. 

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 АА5083 

aluminum alloy. 

Numerical modelling of the distribution of temperature 

fields during FSW using 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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Аннотация: Одним из важных параметров, обеспечивающих получение сварного соединения при сварке тре-

нием с перемешиванием без дефектов сплошности, является обеспечение в зоне соединения металлов требуемой 

температуры. При экспериментальном определении температуры непосредственно в зоне перемешивания метал-

лов с помощью термопар возникают значительные трудности. В связи с этим актуальным представляется исполь-

зование численных методов, описывающих распределение температурных полей при сварке трением с перемеши-

ванием. В работе выполнено численное моделирование температурных полей при сварке трением с перемешива-

нием на основе метода конечных элементов с использованием программного обеспечения Abaqus/Explicit. Моде-

лирование выполнялось на основе связанного подхода Эйлера – Лагранжа, модели пластичности материала Джон-

сона – Кука и закона трения Кулона. С помощью метода конечных элементов построены модели детали, подложки 

и инструмента с учетом их теплофизических свойств. Для сокращения времени вычислений использовался подход 

масштабирования массы путем пересчета плотности материала и его тепловых свойств. Были подобраны коэффи-

циенты масштабирования теплоемкости и массы материала для выбранных параметров режима сварки. Для оцен-

ки адекватности результатов численного моделирования температурных полей при сварке трением с перемешива-

нием были проведены экспериментальные исследования температурных полей с использованием термопар. Пока-

зана возможность численного моделирования температурных полей при сварке трением с перемешиванием с по-

мощью связанного подхода Эйлера – Лагранжа и программного обеспечения Abaqus/Explicit. Благодаря примене-

нию подхода, связанного с масштабированием массы материала, время вычислений сокращено более чем в 10 раз. 

Ключевые слова: сварка трением с перемешиванием; АА5083; связанный подход Эйлера – Лагранжа; числен-

ное моделирование температурных полей. 
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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 (Fe3C) 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} <0  0>, {100} <001>, {122} <2  0>, {013} <211>, {111} <  00>, {133} <    1>, {3    } 

<201> grain orientations. It is shown that the strengthening of orientations of {001} <110>, {100} <001>, {112} <111>, 

and {133} <    1> 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 Σ 3 coincident site 

lattice grain boundaries between the {122} <2  0> and {111} <  00>, {012} <    0>, {100} <001> plates of the upper 

bainite inhibit the microcrack development, and the Σ 13b, Σ 29a, and Σ 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. 

Keywords: medium-carbon steel; bainite microstructure; sulfide stress cracking; crystallographic texture.  

For citation: Malinin A.V., Sitdikov V.D., Tkacheva V.E., Makatrov A.K., Valekzhanin I.V., Markin A.N. Characte-

ristic properties of the microstructure and microtexture of medium-carbon steel subjected to sulfide stress cracking. Fron-

tier Materials & Technologies, 2023, no. 1, pp. 33–44. DOI: 10.18323/2782-4039-2023-1-33-44. 

 

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 mechanical corrosion failure – sulfide stress cracking is 

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 Σ 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
−4

 Pa. 

The electron beam diameter was 3 μm. 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 

Таблица 1. Химический состав материала муфты 

 

Content, wt.% 

Fe C Si Mn P S Cr Ni Мо 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 V Ti Sn B Zr As Bi  

<0.001 0.026 0.058 0.002 0.011 0.002 0.002 0.075 0.010  
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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 (Fe3C) 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 c, 1 d). 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 c, 1 d). 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. 1 e, 1 f). 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 f) [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 µm), 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 µm, and after failure in the fracture region, it was 

~66 µm. 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} <  00> 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. 4 a, 4 b). 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} 

<01 0>, {100} <001>, {122} <21 0>, {013} <211>, {111} 

<1 00>, {133} <1 2 1>, {32 6 } <201>, {102} <21 1>, {230} 

<323>, {122} <22 1>, {110} <11 1>, and {111} <1 00> 
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 c d 

     

 e  f 

 
Fig. 1. Images of the PS coupling microstructure (before operation): 

a – microstructure general view; b – upper bainite plates;  

c, d – lower bainite plates; e, f – martensite tempering plates. 

M/A – martensite-austenite areas; PAGB – prior austenite grain boundaries.  

a, c, e – SEM images; b, d, f – TEM images 

Рис. 1. Изображения микроструктуры муфты ЭК (до эксплуатации): 

а – общий вид микроструктуры; b – пластины верхнего бейнита;  

c, d – пластины нижнего бейнита; e, f – мартенситные пластины отпуска. 

М/А – мартенситно-аустенитные участки; PAGB – первоначальные границы зерен аустенита.  

a, c, e – РЭМ-изображения; b, d, f – ПЭМ-изображения 
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Fig. 2. Microstructure SEM images: 

a – general view of the microstructure away from the fracture area; b – upper bainite plates;  

c – 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 

Рис. 2. РЭМ-изображения микроструктуры после эксплуатации: 

a – общий вид микроструктуры вдали от излома; b – пластины верхнего бейнита;  

с – общий вид микроструктуры в области излома; d – полосы деформации;  

e – вид трещин в области излома; f – развитие трещины на бейнитных блоках. 

UB – верхний бейнит; LB – нижний бейнит 
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Table 2. The determined orientations of bainite/martensite plates and their volume fraction 

Таблица 2. Обнаруженные ориентации бейнитных/мартенситных пластин и их объемная доля 

 

 

Plane  

of Analysis 

 

The main orientations and their volume fraction, % 

       

 

 

 

 

 

 
 

Euler angles, 

φ1, Ф, φ2 

181.8, 

35.1, 

76.7 

88.2, 

5.9, 

73.7 

230.2, 

46.5, 

66.4 

259.6, 

13.5, 

0 

333.9, 

49.1, 

49.8 

17.6, 

44.5, 

17.9 

331.3, 

33.4, 

55.5 

Orientation 
{101} 

<0  0> 

{100} 

<001> 

{122} 

<2  0> 

{013} 

<211> 

{111} 

<  00> 

{133} 

<    1> 

{3    } 

<201> 

Before  

operation 
4.6 3.3 4.1 6.5 6.5 7.8 8.9 

After  

operation 
8.2 6.9 7.2 8.8 6.0 12.3 5.7 

Crack  

area 
9.9 13.7 9.1 12.1 8.6 10.2 4.6 

Note. ND – normal direction oriented along the coupling (pipe) radius;  

TD – transverse direction coinciding with the coupling (pipe) axis. 

Примечание. ND – нормальное направление, ориентированное вдоль радиуса муфты (трубы);  

TD – поперечное направление, совпадающее с осью муфты (трубы).  

 

 

 

 

       

 а  b 

Fig. 3. EBSD images of the microstructure: a – general view; b – precision area  

Рис. 3. ДОРЭ-изображения микроструктуры: а – общий вид; b – прецизионный участок  

 

 

 

ND 

TD 
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 a  b 

 

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 

Рис. 4. ДОРЭ-изображения микроструктуры:  

a – карта распределения специальных границ зерен в муфте без эксплуатации;  

b – карта распределения специальных границ зерен около трещины 

 

 

 
Table 3. The revealed CSL grain boundaries of bainite plates and their volume fraction 

Таблица 3. Выявленные специальные границы Σ бейнитных пластин и их объемная доля 

 

 

The area of analysis 
Volume fraction of CSL grain boundaries, % 

Σ 3 Σ 11 Σ 13b Σ 25b Σ 29а Σ 33c Σ 39a Σ 41c 

Before operation 12.4 1.1 0.4 1.1 0.3 4.3 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. 5 d  

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} <21 1>, {230} <323>, {122} <22 1>, {110} 

<11 1> and {111} <1 00>, and {111} <1 00> orientations are 

suppressed, while the {101} <01 0>, {100} <001>, {013} 

<211>, {122} <21 0>, and {133} <1 2 1> texture compo-

nents are enhanced (Fig. 5 b, 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} <1 2 1> 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. 5 c). In particular, in the zone 
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 a b 

                 

 c d 

Fig. 5. Direct pole figures (110): 

a – PS coupling before operation; b – after operation away from the crack;  

c – in the crack area; d – the positions of the determined orientations on a pole figure  

Рис. 5. Прямые полюсные фигуры (110): 

а – муфта ЭК до эксплуатации; b – после эксплуатации вдали от трещины;  

с – в области трещины; d – позиции обнаруженных ориентаций на полюсной фигуре 

 

 

 

 

of crack development, there is a sharp increase in the {101} 

<01 0>, {100} <001>, {122} <21 0>, and {133} <1 2 1> 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 µm, and the length is ~25 µm. 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 µm), and their length does 

not exceed 20 µm. 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 µm, and the diameter is ~39 µm. 

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 µm, and the length  

of a few tens of µm. 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 

ND ND 

ND ND 

TD TD 

TD TD 
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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 µm at the crack tip, 

remains virtually unchanged up to large depths (more than 

60 µm) (Fig. 2 e). This fact indicates that up to the depths 

of 60 µm, 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. 2 e, 2 f). At the same time,  

at the initial stage, the type of crack propagation is tran-

scrystalline (Fig. 2 e). 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 e). 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} <01 0>, {100} <001>, and {111} 

<  00> orientations (Fig. 3 a). In this case, the inter-

crystalline type of crack propagation was identified for 

the bainite blocks belonging to the {122} <2  0>, {111} 

<  00>, {012} <    0>, 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 Σ 3, Σ 11, Σ 25b, Σ 33c,  

and Σ 41c types, the intense phase transformations begin 

according to the γ→α scheme during the formation  

of the steel bainitic structure [22]. It is noted that CSL grain 

boundaries of the Σ 3, Σ 11, and Σ 33с type are formed pre-

dominantly between parallel plates in a martensitic bundle 

and/or in a bainitic block [22; 23], while the Σ 25b type is 

characteristic of the martensitic structure [22]. The study 

showed that the Σ 41c type occurs in triple junctions of pla-

tes (laths) in a bundle containing a low-angle boundary,  

and two Σ 33c-type CSL grain boundaries [23]. On the other 

hand, in the work [24], Σ 13 and Σ 39 type CSL grain 

boundaries were mainly observed on the martensite-auste-

nite and/or bainite-austenite boundaries, and the decrease  

in the Σ 11 proportion was explained by a decrease in the 

martensite component. The type of Σ 3, Σ 11, Σ 13b, Σ 25b, 

Σ 29а, Σ 33c, Σ 39a, and Σ 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 Σ 3 type CSL grain boundaries can be ex-

plained by a multitude of bainite blocks containing parallel 

plates. A growth of fraction Σ 11 near the crack is associat-

ed with a growth in the martensitic component, and  

the strengthening of Σ 13 and Σ 39 types of CSL indicates  

a growth in M/A areas in this zone. 

The analysis showed that Σ 3 CSL grain boundaries be-

tween the {122} <2  0> and {111} <  00>, {012} <    0>, 

{100} <001> upper bainite plates suppress crack deve-

lopment, and the presence of CSL grain boundaries  

of the Σ 13b, Σ 29а, and Σ 39а 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} <01 0>, {100} <001>, and {111} <  00> 

plates and tend to deflect when colliding with {122} <21 0>, 

{013} <211>, {133} <1 2 1>, and {32 6 } <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} <01 0>, {100} <001>, {122} <21 0>, {013} <211>, 

and {32 6 } <201> orientations of bainitic plates, which are 

undesirable to resistance at SSC, strengthen. It is shown 

that the Σ 3 CSL grain boundaries between {122} <2  0> 

and {111} <  00>, {012} <    0>, {100} <001> bainite plates 

demonstrate a blocking effect during microcrack propaga-

tion. In this case, Σ 13b, Σ 29a, and Σ 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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Аннотация: Повышение стойкости стальных изделий к сероводородному растрескиванию под напряжением (СРН) 

является одной из актуальных тем нефтегазовой промышленности. Среди различных факторов, определяющих устой-

чивость материала к СРН, выделяется структурно-фазовое состояние самого материала и связанная с ним кристалло-

графическая текстура. В данной работе эти особенности материала проанализированы методами растровой электрон-

ной микроскопии (РЭМ), просвечивающей электронной микроскопии (ПЭМ) и микрорентгеновской дифракции обрат-

но рассеянных электронов (ДОРЭ). В качестве материала исследований выбрана муфта эксплуатационной колонны 

(ЭК), которая разрушилась по механизму водородного охрупчивания и последующего СРН. Муфта ЭК изготовлена из 

среднеуглеродистой стали. Впервые методом РЭМ по расположению и взаимной ориентации частиц цементита (Fe3C) 

при больших увеличениях продемонстрированы возможности идентификации в сталях составляющих верхнего бейни-

та, нижнего бейнита и отпущенного мартенсита. Наличие обнаруженных структурных составляющих стали подтвер-

ждено методом ПЭМ. Методом ДОРЭ проведены детальные исследования микротекстуры для установления типа  

и характера распространения микротрещины. Установлено, что процессы водородного охрупчивания и последующее 

СРН приводят к формированию {101} <0  0>, {100} <001>, {122} <2  0>, {013} <211>, {111} <  00>, {133} <    1>, 

{3    } <201> ориентаций зерен. Показано, что усиление ориентировок {001} <110>, {100} <001>, {112} <111> и {133} 

<    1> типов ухудшают стойкость материала к СРН. Методом ДОРЭ-анализа оценено влияние специальных границ 

зерен на характер распространения микротрещины. Обнаружено, что специальные границы Σ 3 между {122} <2  0>  

и {111} <  00>, {012} <    0>, {100} <001> пластинами верхнего бейнита тормозят развитие микротрещины, а границы 

Σ 13b, Σ 29а и Σ 39а, наоборот, способствуют ускоренному распространению микротрещин. Для сравнительного анали-

за проведены аналогичные исследования в неразрушенной (исходной) муфте до эксплуатации. 

Ключевые слова: среднеуглеродистая сталь; бейнитная микроструктура; сероводородное растрескивание под 

напряжением; кристаллографическая текстура.  
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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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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  

the behavior of magnesium under the effect of a corrosive 

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 1.5 h 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 1.5 h to 12 h 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 

α-phase grain size of 3 μm. 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 6×30 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 % K2Cr2O7 (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 С.5.4 (20 % CrO3 + 1 % AgNO3) 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
−6

 to 5·10
−4

 s
−1

 (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. 

Таблица 1. Химический состав сплава ZK60, вес. % 

 

 

Mg Al Zn Ca Zr Fe Cu 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, 1 b). 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 

 

 

 

         

 a b 

         

 c d 

Fig. 1. The effect of strain rate on:  

a – the elongation to failure; b – the ultimate tensile strength;  

c – the ductility loss; d – the strength loss of the ZK60 alloy in different states 

Рис. 1. Влияние скорости деформирования на:  

a – относительное удлинение; b – предел прочности; c – потерю пластичности;  

d – потерю прочности образцов сплава ZK60 в разных состояниях 
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the strain hardening – δSH and localized deformation –  

δl parts depending on the strain rate for specimens tested in 

different states. According to the dependencies in Fig. 3,  

δl decreases much more than δSH as a result of soaking in  

a corrosive environment. Moreover, after the corrosion 

products removal, δSH increases to a level corresponding to 

the specimens in the reference state, while δl just scarcely 

recovers. The δSH and δl 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,  

δSH slightly increases, while δl 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–c). 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 1.5 h, hydrogen does not have 

enough time to deeply penetrate into the bulk of the metal

 

 

 

 

 

Fig. 2. The effect of strain rate on the stress-strain diagrams  

of the ZK60 alloy specimens in different states 

Рис. 2. Влияние скорости деформирования на диаграммы растяжения  
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Fig. 3. The effect of strain rate on the length of strain-hardening – δSH  

and localized deformation – δl parts of the stress-strain diagrams of the ZK60 alloy specimens in different states 

Рис. 3. Влияние скорости деформирования на длину участка деформационного упрочнения – δSH  

и локализованной деформации – δl на диаграммах растяжения образцов сплава ZK60 в разных состояниях 

 

 

 

 

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 1.5 h [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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Fig. 4. The effect of strain rate (а, d, g – 5·10−6 s−1; b, e, h – 5·10−5 s−1; c, f, i – 5·10−4 s−1)  

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 

Рис. 4. Влияние скорости деформирования (а, d, g – 5·10−6 с−1; b, e, h – 5·10−5 с−1; c, f, i – 5·10−4 с−1)  

на состояние боковой поверхности образцов, испытанных на растяжение на воздухе:  

a–c – после выдержки в коррозионной среде;  

d–f – после выдержки в коррозионной среде и удаления продуктов коррозии;  

g–i – в исходном состоянии. СЭМ 
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Fig. 5. The effect of strain rate (а, d, g – 5·10−6 s−1; b, e, h – 5·10−5 s−1; c, f, i – 5·10−4 s−1)  

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 

Рис. 5. Влияние скорости деформирования (а, d, g – 5·10−6 с−1; b, e, h – 5·10−5 с−1; c, f, i – 5·10−4 с−1)  

на состояние излома образцов, испытанных на растяжение на воздухе:  

a–c – после выдержки в коррозионной среде;  

d–f – после выдержки в коррозионной среде и удаления продуктов коррозии;  

g–i – в исходном состоянии. СЭМ 

 

 

 

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 % K2Cr2O7 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 δl, which, 

unlike δSH, 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 

δl. Consequently, an increase in the strain rate does not af-

fect the elongation of the specimens with the removed cor-

rosion products, since their δl 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 δl and δSH 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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Аннотация: Существует устойчивое мнение, что водород, поглощаемый магниевыми сплавами в процессе 

коррозии, может вызывать их коррозионное растрескивание под напряжением. Одним из характерных признаков 

участия диффузионно-подвижного водорода в механизме разрушения металлов является отрицательная скорост-

ная зависимость степени охрупчивания. В недавних исследованиях было показано, что потеря пластичности об-

разцов сплава ZK60, подвергнутых кратковременному (1,5 ч) воздействию коррозионной среды, действительно 

уменьшается с ростом скорости деформации. Однако после удаления продуктов коррозии с поверхности образцов 

скоростная зависимость потери пластичности становится положительной, что свидетельствует об отсутствии во-

дорода в объеме металла. При кратковременной выдержке в коррозионной среде глубокое проникновение водоро-

да в металл могло быть ограничено недостаточным для диффузии водорода временем. В работе исследовано ме-

ханическое поведение сплава ZK60, подвергнутого более длительной (12 ч) предварительной выдержке в корро-

зионной среде с последующим испытанием на растяжение в атмосфере воздуха при различных скоростях дефор-

мации. Рассмотрено влияние скорости деформирования, длительной выдержки в коррозионной среде и после-

дующего удаления продуктов коррозии на прочность, пластичность, стадии деформационного упрочнения и лока-

лизованной деформации, а также на состояние боковой поверхности и изломов образцов. Установлено, что потеря 

пластичности образцов, выдержанных в течение 12 ч в коррозионной среде, уменьшается с ростом скорости де-

формирования независимо от того, были удалены продукты коррозии с их поверхности или нет. Показано, что  

в данном случае отрицательная скоростная зависимость потери пластичности связана не с водородом, растворен-

ным в объеме металла, а с наличием глубоких коррозионных повреждений поверхности образцов. Предложено 

объяснение влияния коррозионных повреждений на механические свойства и чувствительность этих свойств  

к изменению скорости деформации.  

Ключевые слова: магниевые сплавы; сплав ZK60; коррозионное растрескивание под напряжением; коррозия; 

скорость деформации; механические свойства. 
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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. 
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trasonic exposure time on the strength and other parameters of a polypropylene welded joint. Frontier Materials & Tech-
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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 of 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 4–6 s,  

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 ГОСТ 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  

 

  FbF  ,                                 (1) 

 

where Δ(F) – is the dependence of deformation on the force 

of compression of the spring;  

b – is the proportionality coefficient, b=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 ГОСТ 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 Pst equal to 

1.32±0.10 MPa, which corresponds to a spring compression 

force F equal to 26±2 N;  

– exposure for 3 s for pre-compression of sample plates 

under pressure Pst;  

– turning on the ultrasonic vibrations (without relieving 

pressure);  

– switching off the ultrasonic vibrations after a time 

ti=1.2…3.6 s;  

– exposure of the welded joint sample under a pressure 

Pst for 3 s;  

– removal of static pressure Pst. 

The static pressure Pst is applied before the ultrasonic 

vibrations are turned on (the pre-compression time tp is 3 s), 

it is considered constant throughout the entire welding  

cycle and is removed with a delay of td. The delay time is 

3 s. The time of exposure to ultrasound ti varies from 1.2  

to 3.6 s. 

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 26±2 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 μm 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 22±2 °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 0.2 s. 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 ГОСТ 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 µm, and a precision of ±3 µm. 

 

 

 

 

 

Fig. 1. A sample plate 

Рис. 1. Образец-пластина 
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Fig. 2. “Static pressure – ultrasound” USW working cycle:  

Рst – static pressure; USV – the ultrasonic vibrations; tp – the time of preliminary pressing of samples;  

ti – the ultrasonic vibration exposure time; td – the static pressure-off delay time; tw – the welding time 

Рис. 2. Рабочий цикл УЗС  «статическое давление – ультразвук»:  

Рst – статическое давление; USV – ультразвуковые колебания; tp – время предварительного сжатия образцов;  

ti – время воздействия УЗК; td – время задержки снятия статического давления; tw – время сварки 

 

 

 

 

 

 

 

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 

Рис. 3. Создание образца сварного соединения полипропилена на фрезерном станке: 

1 и 2 – верхний и нижний образцы-пластины соответственно; 3 – термоизоляционная подкладка;  

4 – сварочный инструмент; 5 – наплыв выдавленного расплава;  

6 – призма ложементов; 7 – винты и шайбы для крепления образцов; 8 – тиски станочные 
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Fig. 4. The scheme for measuring the thickness of the “bottom” using a C-IV 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-IV type stand; 5 – a hole in the plate;  

6 – a welded joint; 7 – the support table of the C-IV 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 
Рис. 4. Схема измерения толщины «дна» при помощи стойки типа С-IV:  

1 и 2 – верхняя и нижняя пластины сварного соединения соответственно;  

3 –металлическая плоскопараллельная пластина;  

4 – индикаторная головка типа ИЧ-10, жестко закрепленная на стойке типа С-IV; 5 – отверстие в пластине;  

6 – сварной шов; 7 – опорный столик стойки типа С-IV; H – общая толщина пластин в сварном соединении;  

h – глубина внедрения рабочего торца СИ; c – толщина «дна»; А – положение измерения; B – положение установки «нуля» 

 

 

 

The depth of coupler penetration into the material was 

determined by the formula (Fig. 4)  

 

cHh  , 

 

where h – 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;  

c – is the “bottom” thickness, mm. 

The welded specimens were tested for tensile strength  

in accordance with the ГОСТ Р 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 ГОСТ 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 ГОСТ Р 58121.3-2018 standard. 

Statistical processing of the measurement results was 

performed according to the ГОСТ 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 

Рис. 5. Приспособление для крепления образца сварного соединения на разрывную машину: 

1 и 2 – верхняя и нижняя пластины сварного соединения соответственно;  

3 и 4 – верхняя и нижняя опорные металлические пластины;  

5 и 6 – верхняя и нижняя зажимные пластины;  

7 и 8 – опорные пальцы; 9 – регулировочный винт; 10 – крепежные гайки 

 

 

 

 

 

             

 a b 

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 
Рис. 6. Экспериментальные значения и аппроксимирующие их графические зависимости  

глубины внедрения торца инструмента в материал (a)  

и усилия отрыва материала (b) от времени воздействия ультразвука 
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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 

Рис. 7. Экспериментальные значения и аппроксимирующая их графическая зависимость  

усилия отрыва материала от глубины внедрения торца инструмента в материал при ультразвуковой сварке 

 

 

 

               

 a b 

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 
Рис. 8. Состояние образца при испытании:  

a – в момент максимальной силы, отрывающей пластины сварного соединения друг от друга; b – в момент отрыва. 

На рисунке: 1 и 2 – верхняя и нижняя пластины сварного соединения соответственно;  

3 и 4 – верхняя и нижняя опорные металлические пластины; 5 и 6 – верхняя и нижняя зажимные пластины; 7 и 8 – опорные пальцы 

 

 

 

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 

1 

2 

3 

8 

5 

4 

7 

6 

mm 

H 

Frontier Materials & Technologies. 2023. № 1 63



Murashkin S.V., Selivanov A.S., Spiridonov N.G. et al.   «Statistical dependences of influence of ultrasonic exposure time on the strength…» 

 

               

 a b 

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 (ti=2.2 s; h=2.64 mm; F=146.80 N);  

b – welded joint sample No. 9.5 (ti=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 
Рис. 9. Характерный вид поверхности разрыва сварного соединения после отрыва пластин друг от друга:  

a – образец сварного соединения № 6.2 (ti=2,2 с; h=2,64 мм; F=146,80 Н);  

b – образец сварного соединения № 9.5 (ti=2,8 с; h=3,93 мм; F=233,68 Н). 

На рисунке: 1 и 2 – верхняя и нижняя пластины сварного соединения соответственно;  

3 – поверхность сквозного отверстия, образовавшегося в результате внедрения торца СИ на глубину 3,93 мм;  

4 – поверхности разрыва соединения; 5 – углубление в виде глухого отверстия 

 

 

 

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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Аннотация: Полипропилен является одним из наиболее востребованных термопластичных материалов, при-

меняемых в промышленности. Для изготовления изделий из данного материала зачастую применяется способ 

ультразвуковой сварки. Однако, несмотря на большое количество научных работ, влияние некоторых параметров 

режима ультразвуковой сварки на прочностные характеристики соединений полипропилена остается неизучен-

ным. В работе представлены результаты экспериментальных исследований контактной точечной ультразвуковой 

сварки пластин толщиной 3 мм из полипропилена марки 01003-26. Рассмотрен процесс постепенного внедрения 

рабочего торца ультразвукового инструмента в полипропилен до глубины, равной общей толщине свариваемых 

пластин. Получены статистические зависимости глубины внедрения торца инструмента в материал и усилия  

отрыва материала от времени воздействия ультразвука. Определено влияние глубины внедрения рабочего торца 

ультразвукового инструмента на усилие отрыва сваренных образцов. Обнаружено значительное увеличение уси-

лия отрыва с 150 до 400 Н при глубине внедрения инструмента свыше 3,5 мм, обусловленное ростом номинальной 
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площади взаимного перемешивания материала между свариваемыми пластинами, вызванного затеканием рас-

плавленного материала в зазор. Предложена гипотеза о течении расплавленного материала в сторону, противопо-

ложную направлению внедрения рабочего инструмента, путем формирования бегущих волн Релея. Однако ее под-

тверждение требует проведения дополнительных исследований влияния параметров режима ультразвуковой свар-

ки и величины зазора между соединяемыми деталями на скорость затекания расплавленного материала в зазор. 

Ключевые слова: ультразвуковая сварка пластмасс; полипропилен; прочность сварного соединения; рабочая часть 

сварочного инструмента; время ультразвуковой сварки; глубина внедрения торца ультразвукового инструмента. 
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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 30ХГСА 

(pipe body) and 40ХМФА (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 °С 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) Fh=120 kN, forging force Ffor=160 kN, rotational frequency during heating 

n=800 Rpm, and upset during heating l=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 30ХГСА 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 (30ХГСА 

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; 30ХГСА steel; 

40ХМФА steel. 
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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 

exploration for solid minerals. At the same time, the exag-

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
1
. As a pipe body for light-

ened constructions of drill pipes, it is supposed to use a pipe 

billet made of 30ХГСА steel, which after quenching and 

tempering, ensures the required properties: constrained 

yield strength ≥750 MPa, ultimate tensile strength 

≥850 MPa, and elongation ≥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 %. 40ХМФА 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 35Г2) in the normalized 

state with 42CrMo4 steel (analogue to 40ХМ) after 

quenching and tempering [1], AISI 8630 steel (analogue 

to 30ХМН) [2], and welded joints of ASTM A 106 Grade B 

steel (analogue to 20Г) in the hot-rolled state and 4140  

steel (analogue to 40ХГМ) 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 

40Г), 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]. 

                                                           

1 ГОСТ Р 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 

30ХГСА and 40ХМФА 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 (30ХГСА 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 Fh=40–120 kN, forging force Ffor=100–

160 kN, rotational speed during heating n=700–900 Rpm, 

and upset during heating l=−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 30ХГСА and 

40ХМФА steels, and determining the optimal parameters 

ensuring the maximum degree of strength uniformity of  

the weld zone with the base material – 30ХГСА steel. 

 

METHODS 

Friction welding was performed on pipe billets with  

a diameter of 92 mm and a wall thickness of 8 mm made of 

40ХМФА 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 30ХГСА 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), Fh (kN), the forging force Ffor (kN), the rotational 

speed during heating n (Rpm), and the upset during heating 

l (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 °С 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 ГОСТ 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 σa=±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 

30ХГСА 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 ГОСТ 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 

30ХГСА and 40ХМФА 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 40ХМФА 

steel and 608 HV 0.2 for 30ХГСА 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 

30ХГСА steel is 264–280 HV 0.2, the one of 40ХМФА 

steel is 298–335 HV 0.2, while the microhardness of  

the base metal of 30ХГСА steel reaches 294–306 HV 0.2, 

and the one of 40ХМФА 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 30ХГСА steel TMEZ. 

 

 

 
Table 1. Chemical composition of steels intended for the production of drill pipes, % by weight 

Таблица 1. Химический состав сталей, предназначенных для производства бурильных труб, % по масс. 

 

 

Steel Grade С Mn Si S P Cr Ni Cu Mo V 

30ХГСА  

pipe body 
0.33 1.02 1.12 0.003 0.011 0.99 – 0.04 – – 

40ХМФА 

tool joint 
0.41 0.48 0.27 0.004 0.008 0.97 0.08 0.06 0.27 0.11 

 

 

 
Table 2. Rotary friction welding modes selected for the experiment 

Таблица 2. Режимы ротационной сварки трением, выбранные для эксперимента  

 

 

Mode No. 
Force during heating Fh, 

kN 

Forging force Ffor,  

kN 

Upset during heating l, 

mm 

Rotational speed n,  

Rpm 

1 40 

160 8 800 2 80 

3 120 
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Table 3. Mechanical properties of the RFW-produced welded joints of the 30ХГСА and 40ХМФА steels and base materials*  
Таблица 3. Механические свойства сварных соединений сталей 30ХГСА и 40ХМФА,  

выполненных ротационной сваркой трением, и материалов основы* 

 
 

Test sample RFW mode No. σ0,2, MPa σв, MPa δ, % ψ, % 

Welded joint 

1 760/758** 849/841 8.0/7.0 34.5/33.5 

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 

30ХГСА – 767 888 13.0 36.5 

40ХМФА – 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 ГОСТ 6996-66 and ГОСТ 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. 

* Механические свойства получены на образцах с длиной рабочей части 50 мм, шириной 15 мм и толщиной 4 мм  
на испытательной установке INSTRON 8801 в соответствии с ГОСТ 6996-66 и ГОСТ 1497-84. 

** В числителе приведены механические свойства сварного соединения после ротационной сварки трением,  
а в знаменателе – после отпуска. 

 
 
 

 
 

Fig. 1. A sample with a welded joint for fatigue tests 
Рис. 1. Образец со сварным соединением для испытаний на усталость 

 
 
 

 
 

             
 

Fig. 2. Macro- and microstructure of a welded joint of the 30ХГСА and 40ХМФА steels  
produced by rotary friction welding (mode No. 2) 

Рис. 2. Макро- и микроструктура сварного соединения сталей 30ХГСА и 40ХМФА,  
полученная ротационной сваркой трением (режим № 2) 
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а 

 

b 

Fig. 3. Microhardness distribution in welded joints of the 30ХГСА–40ХМФА steels:  

a – after friction welding; b – after friction welding and further tempering at 550 °С 

Рис. 3. Распределение микротвердости в сварных соединениях сталей 30ХГСА–40ХМФА:  

a – после сварки трением; b – после сварки трением и последующего отпуска при 550 °С 

 

 

 

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 30ХГСА 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 

σа=420 MPa with and without tempering have a plateau-

like fracture surface with the fragments of a grooved 

microrelief (Fig. 6 b, 6 e). The tempered sample has  

a smoother microrelief (Fig. 6 e). However, the distance 

between the fatigue grooves is higher, which indicates  

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 e) 

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 30ХГСА 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. 

 

 

 

 
 

Fig. 4. The number of cycles before failure of samples of welded joints of the 30ХГСА–40ХМФА steels  

in the initial state and after tempering during cyclic tests with an amplitude of σа=±420 MPa 

Рис. 4. Количество циклов до разрушения образцов сварных соединений сталей 30ХГСА–40ХМФА  

в исходном состоянии и после отпуска при циклических испытаниях с амплитудой σа=±420 МПа 

 

 

 

 

 a  b 

Fig. 5. The appearance of broken specimens after cyclic tests (at the left – 30ХГСА steel):  

a – mode No. 3 after welding; b – mode No. 3 after tempering 

Рис. 5. Внешний вид разрушенных образцов после циклических испытаний (слева сталь 30ХГСА):  

a – режим № 3 после сварки; b – режим № 3 после отпуска 
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 а  b  c 

         

 d  e  f 

Fig. 6. Macro- (a, d) and microstructure (b, c, e, f) of fractures of welded joints  

after endurance tests after welding according to the mode No. 1  

in the initial state (a–c, σа=420 MPa, N=24142) and after tempering (d–f, σа=420 MPa, N=13631): 

a, d – general appearance; b, e – area 1 (fatigue zone); c, f – area 2 (fracture zone) 

Рис. 6. Макро- (a, d) и микростроение (b, c, e, f) изломов сварных соединений  

после испытаний на усталостную прочность после сварки по режиму № 1  

в исходном состоянии (a–c, σа=420 МПа, N=24142) и после отпуска (d–f, σа=420 МПа, N=13631): 

a, d – общий вид; b, e – участок 1 (зона усталости); c, f – участок 2 (зона долома) 

 

 

 

Thus, a welded joint produced with the force during 

heating Fh=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 30ХГСА base 

steel shows that the differences are insignificant. In  

the low-cycle fatigue area (N<1000), the 30ХГСА 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 

30ХГСА steel and in the 30ХГСА steel TMEZ, regardless 

of the σa value, which indicates the strength uniformity of 

these zones. 

The morphology of the fracture surface of samples of 

welded joints and 30ХГСА 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 30ХГСА steel base 

metal (Fig. 9). On the fatigue fracture surface of the weld-

ed joint specimen (Fig. 9 b), 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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 а  b  c 

         

 d  e  f 

Fig. 7. Macro- (a, d) and microstructure (b, c, e, f) of fractures of welded joints  

after endurance tests after welding according to the mode No. 3  

in the initial state (a–c, σа=420 MPa, N=32825) and after tempering (d–f, σа=420 MPa, N=23384): 

a, d – general appearance; b, e – area 1 (fatigue zone); c, f – area 2 (fracture zone) 

Рис. 7. Макро- (a, d) и микростроение (b, c, e, f) изломов сварных соединений  

после испытаний на усталостную прочность после сварки по режиму № 3  

в исходном состоянии (a–c, σа=420 МПа, N=32825) и после отпуска (d–f, σа=420 МПа, N=23384): 

a, d – общий вид; b, e – участок 1 (зона усталости); c, f – участок 2 (зона долома) 

 

 

 

 

 

 

Fig. 8. Limited endurance curves of the 30ХГСА steel and a welded joint of 30ХГСА–40ХМФА steels 

Рис. 8. Кривые ограниченной выносливости стали 30ХГСА и сварного соединения сталей 30ХГСА–40ХМФА 

76 Frontier Materials & Technologies. 2023. № 1



Priymak E.Yu., Kuzmina E.A., Gladkovskii S.V. et. al.   «Fatigue strength of 30ХГСА–40ХМФА welded joints…» 

 

         

 а  b  c 

         

 d  e  f 

Fig. 9. Macro- (a, d) and microstructure (b, c, e, f) of fractures of a 30ХГСА–40ХМФА welded joint (σа=495 MPa, N=15077) (a–c) 

and a monolithic specimen of the 30ХГСА steel (σа=508 MPa, N=14965) (d–f) obtained at low-cycle fatigue tests: 

a, d – general appearance; b, e – area 1 (fatigue zone); c, f – area 2 (fracture zone) 

Рис. 9. Макро- (a, d) и микростроение (b, c, e, f) изломов сварного соединения 30ХГСА–40ХМФА (σа=495 МПа, N=15077) (a–c) 

и монолитного образца стали 30ХГСА (σа=508 МПа, N=14965) (d–f), 

 полученных при испытаниях в условиях малоцикловой усталости: 

a, d – общий вид; b, e – участок 1 (зона усталости); c, f – участок 2 (зона долома) 

 

 

 

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 

30ХГСА and 40ХМФА steels under certain welding pa-

rameters is capable of ensuring a full-strength structure 

with the 30ХГСА 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 30ХГСА–40ХМФА 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 

30ХГСА and 40ХМФА 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, c, e, f) of fractures of 30ХГСА–40ХМФА welded joints (σа=354 MPa, N=67321) (a–c) 

and a monolithic specimen of the 30ХГСА steel (σ=342 MPa, N=62400) (d–f) obtained at multicycle fatigue tests: 

a, d – general appearance; b, e – area 1 (fatigue zone); c, f – area 2 (fracture zone) 

Рис. 10. Макро- (a, d) и микростроение (b, c, e, f) изломов сварных соединений 30ХГСА–40ХМФА (σа=354 МПа, N=67321) (a–c) 

и монолитного образца стали 30ХГСА (σ=342 МПа, N=62400) (d–f), 

 полученных при испытаниях в условиях многоцикловой усталости: 

a, d – общий вид; b, e – участок 1 (зона усталости); c, f – участок 2 (зона долома) 

 

 

 

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) Fn=120 kN, the forging 

force Ffor=160 kN, the rotational speed during heating 

n=800 Rpm, and the upset during heating l=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 30ХГСА 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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Аннотация: Ротационная сварка трением (РСТ) используется при производстве бурильных труб для геолого-

разведки на твердые полезные ископаемые. Потребность в создании облегченных колонн бурильных труб для вы-

сокоскоростного алмазного бурения сверхглубоких скважин диктует необходимость более пристального внима-

ния к изучению зоны сварного шва и назначению технологических параметров РСТ. В работе приведены резуль-

таты экспериментальных исследований сварного соединения бурильной трубы типоразмера H по ISO 10097 из 

сталей 30ХГСА (тело трубы) и 40ХМФА (замковая часть) в условиях воздействия циклических нагрузок. Оцени-

валось влияние силы, прикладываемой к заготовкам в процессе трения соприкасающихся поверхностей (силы при 

нагреве), и послесварочного отпуска при температуре 550 °С на циклическую долговечность сварных соединений 

в условиях знакопеременного растяжения-сжатия при напряжении амплитуды цикла ±420 МПа. Установлено, что 

с увеличением силы при нагреве в зоне термомеханического влияния происходят изменения микроструктуры, 

способствующие повышению усталостной прочности сварных соединений. Выявлено негативное влияние после-

сварочного отпуска на усталостную прочность сварных соединений, выражающееся в снижении количества цик-

лов до разрушения на 15–40 % в зависимости от величины силы при нагреве. Определен оптимальный режим РСТ 

указанного сочетания сталей, обеспечивающий наибольшее количество циклов до разрушения: сила при нагреве 

(при трении) Fн=120 кН, сила проковки Fпp=160 кН, частота вращения при нагреве n=800 об/мин и осадка при на-

греве l=8 мм. Проведена серия усталостных испытаний при различных значениях напряжения амплитуды цикла 

сварного соединения, полученного на оптимальном режиме, и основного металла стали 30ХГСА; построены кри-

вые ограниченной выносливости. Показано, что различия в кривых ограниченной выносливости материала тела 

трубы (сталь 30ХГСА) и сварного соединения незначительны. Полученные результаты дополнены данными изме-

рений микротвердости и фрактограммами разрушенных образцов, раскрывающими механизм распространения 

трещин в условиях воздействия циклических нагрузок. 

Ключевые слова: ротационная сварка трением; бурильные трубы; сварное соединение; усталостная прочность; 

кривая ограниченной выносливости; сталь 30ХГСА; сталь 40ХМФА. 
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