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Аннотация. В статье рассматривается влияние основных технологических параметров маятникового поверхностного пластического 

деформирования (ППД) на механические свойства поверхностного слоя цилиндрических деталей из углеродистой стали. 
С использованием твердомера HBRV-187,5 и микротвердомера HMV-G21 определены твердость поверхностного слоя, микротвердость и 
глубина наклепанного слоя упрочненных деталей. Представлены результаты по расчету степени упрочнения, которые являются важной 
информацией для оценки эффективности способа ППД с точки зрения улучшения механических свойств металла. Экспериментальные 
исследования показали, что после маятникового ППД (при разных режимах обработки) твердость поверхностного слоя повышается на 
9 – 12 % по сравнению с твердостью исходной поверхности, а микротвердость возрастает в 1,5 – 1,7 раз, что приводит к значительному 
упрочнению поверхностного слоя цилиндрической заготовки. Глубина упроченного слоя варьируется в интервале 0,9 – 1,1 мм, при этом 
степень упрочнения составляет 45 – 65 %. С помощью программного пакета Statistica 10.1, позволяющего решать задачи оптимизации 
на основе статистического анализа, построена модель оптимизации и определены оптимальные режимы упрочнения при маятниковом 
ППД, обеспечивающие одновременно и максимальную глубину упрочненного слоя, и наибольшую степень упрочнения поверхностного 
слоя. Оптимальные режимы упрочнения формируются при следующих режимах обработки: радиальный натяг t = 0,15 ÷ 0,2 мм; 
продольная подача s = 0,07 ÷ 0,11 мм/об; частота вращения заготовки nз = 160 ÷ 200 мин−1; частота маятникового движения рабочего 
инструмента nин = 110 ÷ 130 дв.ход/мин; угловая амплитуда рабочего инструмента α = 35 ÷ 40°. По результатам экспериментальных 
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Abstract. The article discusses influence of the main technological parameters of pendulum surface plastic deformation (SPD) on the mechanical 

properties of surface layer of cylindrical parts made of carbon steel. Using the hardness tester HBRV-187.5 and the microhardness tester 
HMV-G21, we determined hardness of the surface layer, microhardness and depth of the work-hardened layer of hardened parts. In addition, the 
results of calculating the hardening degree are presented, which is important information for evaluating the effectiveness of SPD method in terms 
of improving the metal mechanical properties. Experimental studies showed that after pendulum SPD (at different processing modes), hardness of 
the surface layer increases by 9 – 12 % compared to hardness of the original surface, and the microhardness increases by 1.5 – 1.7 times, which leads 
to a significant hardening of the cylindrical billet surface layer. Depth of the hardened layer varies in the range of 0.9 – 1.1 mm, while the hardening 
degree is 45 – 65 %. Using the software package Statistica 10.1, which allows solving optimization problems based on statistical analysis and building 
an optimization model, we determined the optimal modes of hardening by pendulum SPD. These modes simultaneously provide both the maximum 
depth of the hardened layer and the highest hardening degree of the surface layer. They are formed under the following processing modes: radial 
interference t = 0.15 – 0.2 mm; longitudinal feed s = 0.07 – 0.11 mm/rev; billet rotation frequency nb = 160 – 200 min−1; frequency of the working 
tool pendulum movement nt = 110 – 130 strokes/min; angular amplitude of the working tool α = 35 – 40°. According to the results of experimental 
data and numerical calculations, it was established that the average grain size in pendulum SPD decreases by 30 – 40 % compared to the initial size, 
and the dislocation density increases by 2.5 times. 

Keywords: carbon steel, hardening degree, hardening depth, surface plastic deformation, hardness, microhardness, processing mode, surface layer, statistical 
calculation

For citation: Zaides S.A., Ho Minh Quan. Degree and depth of hardening under pendulum surface plastic deformation of carbon steel. Izvestiya. 
Ferrous Metallurgy. 2023;66(3):272–282. https://doi.org/10.17073/0368-0797-2023-3-272-282

Degree and depth of hardening under pendulum  
surface plastic deformation of carbon steel

S. A. Zaides, Ho Minh Quan 

Иркутский национальный исследовательский технический университет (Россия, 664074, Иркутск, ул. Лермонтова, 83)

Irkutsk National Research Technical University (83 Lermontova Str., Irkutsk 664074, Russian Federation)

Original article 
Оригинальная статья

Степень упрочнения и глубина наклепа  
при маятниковом поверхностном пластическом 

деформировании углеродистой стали
С. А. Зайдес, Хо Минь Куан 

©  S. A. Zaides, Ho Minh Quan, 2023

Metallurgical technologies Металлургические технологии

https://doi.org/10.17073/0368-0797-2023-3-272-282
mailto:minhquanho2605%40gmail.com?subject=
mailto:minhquanho2605%40gmail.com?subject=
https://fermet.misis.ru/index.php/jour/search/?subject=hardening depth
https://fermet.misis.ru/index.php/jour/search/?subject=surface plastic deformation
https://fermet.misis.ru/index.php/jour/search/?subject=hardness
https://fermet.misis.ru/index.php/jour/search/?subject=microhardness
https://fermet.misis.ru/index.php/jour/search/?subject=processing mode
https://fermet.misis.ru/index.php/jour/search/?subject=surface layer
https://fermet.misis.ru/index.php/jour/search/?subject=statistical calculation
https://fermet.misis.ru/index.php/jour/search/?subject=statistical calculation
https://doi.org/10.17073/0368-0797-2023-3-272-282
mailto:minhquanho2605%40gmail.com?subject=
mailto:minhquanho2605%40gmail.com?subject=


Izvestiya. Ferrous Metallurgy. 2023;66(3):272–282.
Zaides S.A., Ho Minh Quan. Degree and depth of hardening under pendulum surface plastic deformation of carbon steel

273

 Introduction

The reliability of mechanical products largely depends 
on the quality of their components. This quality encom-
passes not only the dimensional accuracy and surface 
finish of the parts but also the mechanical properties 
of the surface layer exposed to various loads and thermal 
effects. Reliability can be enhanced through better materi-
als, design, manufacturing, and operational practices. As 
indicated in references [1 – 3], improvements in the man-
ufacturing process yield the most favorable outcomes.

In order to enhance the performance characteris-
tics of the surface layer of machine parts, the techno-
logy of finishing-hardening treatment through surface 
plastic deformation (SPD) treatments are extensively 
employed [4 – 6].

Plastic deformation alters the structure of the metal 
surface layer. It significantly increases the number of dis-
locations, vacancies, and other defects in the lattice. 
Grains are fragmented and clustered, leading to changes 
in the size and shape of grains within the surface layer. 
Elastoplastic deformation resulting from machining alters 
the physical and chemical properties of the metal surface 
layer [7 – 9].

Plastic deformation induces hardness in the metal, with 
hardness diminishing linearly with depth. For example, 
Mitrofanova K. et al. [10] reported that parts made from 
grade 45 steel, after spinning with a variable-radius roller 
tool, possess a hardened layer approximately 1.1 mm 
deep. The microhardness within the region of plas-
tic deformation remains relatively low,  at approxi-
mately HV. Smoothing grade 45 steel components with 
a diamond tool leads to a tenfold increase in tangential 
stress. The depth of the hardened layer ranges from 0.05 
to 0.40 mm (as the smoothing force escalates from 50 
to 200 N). The dislocation density within the hardened 
surface layer signifies the extent of grain refinement, 
witnes sing an increase of 40 to 70 % [11]. 

Metal hardening through surface plastic deforma-
tion enhances the parts’ performance by increasing wear 
resistance, contact strength, and reliability of the press 
fits [12 – 14].

The key surface quality indicators are hardness and 
the depth of the hardened layer [15 – 17]. The extent 
of hardening depth correlates with roller pressure and can 

influence various surface layer properties. Deeper hard-
ening improves wear resistance, while in terms of fatigue 
strength, studies [2; 11; 15; 18] suggest that residual com-
pressive stresses decrease as hardening depth increases, 
which maight reduce durability gain.

Significant contributions to analytically estimat-
ing hardening depth through SPD have been made 
by researchers such as Braslavsky V.M., Drozd M.S., 
Kudryatsev I.V., Matlin M.M., Petushkov G.E. and Hei-
fetz S.G. However, the existing relationships are only 
applicable to basic forming operations.

Researchers at Irkutsk National Research Techni-
cal University have refined surface plastic deforma-
tion processes by utilizing more intricate tool motions. 
The introduced a mechanical hardening process involv-
ing a swinging (pendulum) motion of the tool [19]. This 
process alternates between rolling and sliding actions. In 
our own work [20], we’ve assessed the stress increase 
within the deformation area achievable without raising 
the radial tool interference and residual stress.

This study aims to discern the impact of variables 
related to the swinging tool deformation on hardening 
depth and final hardness, while also evaluating the feasi-
bility of the process.

 Materials and Methods

Fig. 1 illustrates the pendulum tool treatment pro-
cess. In this process, denoted as Pendulum Tool Plastic 
Deformation (PTPD), the outer surface 1 is rotated about 
its centerline. The tool is pressed onto the surface and 
moved with a radial interference t. The tool is advanced 
parallel to the part axis. The tool itself takes on the form 
of a sector 3 with a circular surface 2. This sector-shaped 
tool is firmly attached to a rocker that oscillates within 
the α angle range.

For the experiments, we utilized a 1K62 lathe. 
The upper carriage was replaced with the sector-shaped 
tool drive (Fig. 2). The tool’s specifications include a sec-
tor radius Rsec = 65 mm; an edge fillet radius rtool = 3 mm; 
and it’s made of R18 HSS material. The lubricant used 
was I-40A industrial oil, commonly employed in harden-
ing processes.

We machined cylindrical samples with a 25 mm dia-
meter, using medium-carbon steel grade 45 and measured 

данных и численных расчетов установлено, что средний размер зерен при маятниковом ППД уменьшается на 30 – 40 % по сравнению 
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the resulting hardening depth and final hardness. These 
samples were designed with six equally spaced grooves 
to demarcate six segments of the same length and diam-
eter. We tailored the process variables to treat conducting 
tests for five different sets of variables per sample. Each 
set of process variables was applied to three samples, and 
the curves illustrate the mean values.

In order to eliminate any runout, the sample was 
clamped within the three-jaw chuck of the lathe and 
additionally supported by the tailstock center. The cylin-
drical surface of the sample was machined to a 25 mm 
diameter (with parameters: s = 0.17 mm/rev, rpm = 620, 
t = 0.5 mm) and subsequently subjected to hardening via 
plastic deformation.

Before conducting the tests, we performed harden-
ing on a pilot batch of samples to establish the baseline 
plastic deformation mode. The foundational process 
variab les were determined as follows: radial interference 
t = 0.07 mm; longitudinal feed s = 0.07 mm/rev; billet 
rotation frequency nb = 100 rpm; tool angular amplitude 
α = ±20°; and tool frequency ntool = 55 double strokes/min.

After the hardening process using the pendulum tool, 
the cylindrical samples were slice into thin sections uti-
lizing a Discotom-10 metallographic cutting machine. 
These sections were then positioned within molds and 
filled with Aka-Resin Acrylic epoxy resin powder, sub-
sequently compressed on a POLYLAB S50A automatic 
press. Following this, the sample sections underwent 
grinding and polishing on a Tegramin-25 automatic 
grinding and polishing machine, employing water cool-
ing to achieve a mirror-like shine. In order to reveal 
the microstructure, the thin sections of the steel grade 45 
samples were subjected to etching using a solution of 5 % 
nitric acid (HNO3) mixed with alcohol.

The Rockwell hardness of the surface layer was mea-
sured using an HBRV-187.5 hardness tester. For each seg-
ment of the sample, hardness was measured at six distinct 
points, situated on two circumferences. The hardness 
value for each segment was determined as the average 
of these six measurements.

Fig. 1. Scheme of pendulum surface plastic deformation (а):
1 – billet; 2 – deforming element; 3 – working sector of the tool;

b – rolling scheme; c – sliding scheme in the contact zone

Рис. 1. Схема маятникового поверхностного пластического  
деформирования (а): 

1 – заготовка; 2 – деформирующий элемент;  
3 – рабочий сектор инструмента;

b – схема качения; c – схема скольжения в зоне контакта

Fig. 2. General view of the device for pendulum surface plastic deformation (SPD) of cylindrical parts’ outer surfaces:
1 – base; 2 – rear center; 3 – motor-reducer; 4 – sectorial working tool with a rounding radius; 5 – processed sample; 

6 – three-jaw chuck; 7 – control panel for the working tool movement

Рис. 2. Общий вид устройства для маятникового ППД наружных поверхностей цилиндрических деталей: 
1 – основание; 2 – задний центр; 3 – мотор-редуктор; 4 – секториальный рабочий инструмент с радиусом скругления; 

5 – обрабатываемый образец; 6 – трехкулачковый патрон; 7 – панель управления параметрами движения рабочего инструмента
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Microhardness measurements were conducted 
using an HMV-G21 microhardness meter, adhering 
to GOST R ISO 6507-1-2007 standards. The instru-
ment employed a diamond Vickers pyramid penetrator 
to indent a flat section of the sample. The HV0.2 scale was 
employed, with a rated load of 1.961 N and a holding time 
of 5 s. Microhardness readings were taken at three points 
evenly spaced around the circumference. Mean hardness 
values were computed and microhardness vs. process 
variable curves were plotted for each process variable (as 
shown in the curves below).

The microstructure of the hardened samples was exam-
ined using a MET-2 metallographic microscope. A ×500 
magnification of the metal’s structure was observed 
on a computer screen utilizing the ToupView software. 
The grain size was estimated as the mean of the maxi-
mum and minimum grain dimensions. Obtaining consis-
tent results with minimal error required 5 to 7 measure-
ments, and at least 10 measurements were taken for each 
grain.

 Experimental Results

Let us examine the essential physical and mechanical 
properties of the hardened surface, such as surface layer 
hardness, microhardness and hardening depth, and their 
correlations with the process variables within the pendu-
lum tool treatment process.

Surface Layer Hardness. In Table 1, we present 
the surface hardness values following the pendulum tool 
treatment in relation to the key process variables.

Based on the available experimental outcomes, it 
is evident that the surface layer hardness experiences 
an average increase of 9 to 12 %. Notably, the process 
variables with substantial impact on hardness augmen-
tation include radial interference, longitudinal feed, bil-

let rotation frequency rpm, pendulum frequency, and 
the amplitude of angular tool movement.

Microhardness of the Hardened Layer. Microhard-
ness measurements provide insights into both absolute 
hardness and the depth of hardening. As depicted in 
Fig. 3, the distribution of microhardness across the cross-
section of the hardened part (under the baseline process 
mode) is showcased. Notably, the initial microhard-
ness of the sample after turning ranged between 210 
to 215 HV0.2 . Subsequent to the pendulum tool treatment, 
microhardness at a depth of 50 μm beneath the surface 
surged to 320 HV0.2 .

It should be noted that the microhardness decreases 
towards the centerline of the cylindrical part. At a cer-
tain depth, it becomes equal to the initial microhardness 
of the part metal. The increased depth of the microhard-
ness layer is approximately 0.88 mm (Fig. 3). Fig. 3 illust-
rates the distribution of microhardness across the depth 
of the hardened layer.

Table 2 outlines the relationships between the key 
process variables, maximum microhardness and harden-
ing depth.

Fig. 4 displays the curves of microhardness and hard-
ening depth against the key process variables (s, t, nb , 
ntool ) curves. 

The study revealed that as the radial interference 
increases from 0.05 to 0.20 mm, the microhardness 
of the surface layer increases by approximately 12 %, 
whereas the increase in hardening depth is approximately 
35 %. With an increase in longitudinal feed from 0.07 
to 0.23 mm/rev, there is a decreases in microhardness by 3 
to 5 % and a decreases in hardening depth by 7 to 8 %. 
Furthermore, elevating the billet rotation frequency RPM 
(from 80 to 200) and the frequency of the pendulum tool 
(from 40 to 120 double strokes per min) also results in 

T a b l e  1

Hardness of the surface layer of cylindrical parts under pendulum SPD (initial hardness HRBin = 84.8) 

Таблица  1. Твердость поверхностного слоя цилиндрических деталей при маятниковом ППД  
(исходная твердость HRBисх = 84,8)

Longitudinal feed, mm/rev 0.07 0.11 0.13 0.17 0.23
Hardness, HRВ 94.1 93.7 93.5 93.2 93.0
Radial interference, mm 0.05 0.07 0.10 0.15 0.20
Hardness, HRВ 93.7 94.1 94.3 94.6 94.8
Billet rotation frequenc, rpm 80 100 125 160 200
Hardness, HRВ 93.8 94.1 94.2 94.8 95.6
Pendulum tool frequency, double strokes/min 40 55 80 100 120
Hardness, HRВ 93.6 94.1 94.3 94.6 94.7
Range of the angular tool movement, deg ±15 ±20 ±25 ±30 ±37
Hardness, HRВ 93.8 94.1 94.3 94.5 94.8
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a microhardness increase of 10 to 14 % and an increase 
in hardening depth by 15 to 18 %. The variation in angu-
lar amplitude has minimal effect on microhardness and 
hardening depth.

The rate of hardening (CH) in the surface layer after 
plastic deformation can be estimated using the following 
equation:

               (1)

where HV1 represents the initial microhardness of the sur-
face layer; HV2 is the microhardness after treatment.

Table 3 presents the estimated hardness values in rela-
tion to the key process variables. 

The data suggest that under baseline conditions, 
the hardening rate is approximately 50 %. By adjusting 
the process variables, the hardening rate can be vari ed 

within the range of 45 to 65 %. Fig. 5 illustrates the curves 
depicting the relationship between hardening rate and key 
process variables (s, t, nb , ntool ).

To determine the optimal treatment mode for pen-
dulum tool, with the aim of achieving the maximum 
depth of the hardened layer and hardening rate, we uti-
lized the Statistica 10.1 software package. This software 
is extensively employed for statistical analysis within 
the manufacturing field. Utilizing Statistica 10.1, we 
derived single-factor equations (2) and (3) that corre-
spond to the curves depicted in Figs. 4 and 5. The depth 
of the hardened layer and the hardening rate are the variab-
les targeted for optimization:

            (2)

             (3) 

Figs. 6 and 7 illustrate the optimization results gener-
ated by Statistica 10.1.

Table 4 summarizes the statistical analysis and opti-
mization undertaken for the depth of the hardened layer 
and the hardening rate. It was observed that certain sets 
of process variables yield the highest values for both 
the depth of the hardened layer (approximately 1.1 mm) 
and the hardening rate  (about 65 %). This phenome-
non arises from the clear relationship between the depth, 
hardening rate (HR), and each individual process vari-

T a b l e  2

Microhardness (HV0.2 ) on the surface and hardening depth (h) under pendulum SPD

Таблица 2. Микротвердость (HV0,2 ) на поверхности и глубина наклепа (h) при маятниковым ППД

Longitudinal feed, mm/rev 0.07 0.11 0.13 0.17 0.23
Microhardness/depth, mm 323/0.88 317/0.86 313/0.85 307/0.82 305/0.81
Radial interference, mm 0.05 0.07 0.10 0.15 0.20
Microhardness/depth, mm 306/0.81 323/0.88 333/0.94 339/1.01 348/1.10
Billet rotation frequency, rpm 80 100 125 160 200
Microhardness/depth, mm 320/0.86 323/0.88 325/0.89 328/0.91 330/0.93
Pendulum tool frequency, double strokes/min 40 55 80 100 120
Microhardness/depth, mm 317/0.85 323/0.88 327/0.91 334/0.94 339/0.98
Amplitude of the angular tool movement, deg ±15 ±20 ±25 ±30 ±37
Microhardness/depth, mm 316/0.87 323/0.88 325/0.89 327/0.90 329/0.91

Fig. 3. Distribution of microhardness over the surface layer depth under 
pendulum SPD (in basic processing modes):

1 – before pendulum SPD; 2 – after pendulum SPD

Рис. 3. Распределение микротвердости по глубине поверхностного 
слоя при маятниковом ППД (в базовых режимах обработки):

1 – до МППД; 2 – после МППД
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T a b l e  3

Influence of the main parameters of pendulum SPD on hardening degree

Таблица 3. Влияние основных параметров маятникового ППД на степень упрочнения

Longitudinal feed, mm/rev 0.07 0.11 0.13 0.17 0.23
Hardening rate, % 51 49 47 45 43
Radial interference, mm 0.05 0.07 0.10 0.15 0.20
Hardening rate, % 45 51 58 61 65
Billet rotation frequency, rpm 80 100 125 160 200
Hardening rate, % 50 51 54 56 57
Pendulum tool frequency, double strokes/min 40 55 80 100 120
Hardening rate, % 50 51 54 59 61
Amplitude of the angular tool movement, deg ±15 ±20 ±25 ±30 ±37
Hardening rate, % 50 51 53 55 56

Fig. 4. Dependence of microhardness and hardening depth 
on the main parameters of pendulum SPD: 

s (а); t (б); nb (в); nt (г) 

Рис. 4. Зависимость микротвердости и глубины упрочнения 
от основных параметров маятникового ППД: 

s (а); t (б); nз (в); nин (г)

Fig. 5. Dependence of hardening degree  
on the main parameters of pendulum SPD: 

s (а); t (б); nb (в); nt (г) 
 

Рис. 5. Зависимость степени упрочнения  
от основных параметров маятникового ППД: 

s (а); t (б); nз (в); nин (г)
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able. For instance, the parameters h and HR exhibit 
a direct proportionality with α, t, nb , ntool while displaying 
an inverse proportionality with the longitudinal feed s.

 Results and Discussion

The phenomenon responsible for the strengthening 
of the metal is the impeding of dislocation motion. One 
method to hinder the motion of dislocations involves 
refining the grain structure. The accumulation of dis-
locations along grain boundaries obstructs the move-
ment of dislocations, ultimately leading to the harden-
ing of the metal [21 – 23]. Evaluating the effectiveness 
of the proposed mechanical hardening process can be 
achieved by assessing the improvements in the mechanical 
properties of the surface layer, primarily through changes 
in grain sizes and dislocation density (which is closely tied 
to the dimensions of the intergranular boundaries). Table 5 
rovides an analysis of the microstructure properties 
observed on the surface of the sample and at its centerline. 

For components made from steel grade 45, the microstruc-
ture of the surface layer comprises dark spots indicating 
pearlite, and light spots representing ferrite. 

The grain sizes within the core of the part that hasn’t 
been subjected to plastic deformation show minimal 
variation, remaining in the range of approximately 
50 to 70 μm. Both the radial and axial cross-sections 
of the grains exhibit nearly identical features. Con-
versely, on the surface, the grain structure appears 
finer due to direct exposure to grinding and the effects 
of mechanical hardening. In this region, the microstruc-
ture primarily consists of grains compressed in the radial 
direction (the main deformation direction) and elon-
gated along the axial direction (aligned with the direc-
tion of plastic flow). The concentration of pearlite grains 
is heightened, evident from the greater microhardness 
observed in the surface layer (as outlined in Table 5). 
The average widths of the grains measure 25 μm for fer-
rite and 30 μm for pearlite, while the average lengths are 
35 μm for ferrite and 40 μm for pearlite.

Fig. 6. Depth response surfaces of the hardened layer of cylindrical surfaces under pendulum SPD depending on:
t and s (а); t and nb (б); nt and nb (в); α and s (г) 

Рис. 6. Поверхности отклика глубины упрочненного слоя цилиндрической поверхности при маятниковом ППД в зависимости от: 
t и s (а); t и nз (б); nин и nз (в); α и s (г)
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It is evident that the treatment leads to a reduction in 
grain sizes within the hardened layers by approxi-
mately 30 to 40 %. Additionally, the notable increase in 
the concentration of fine, hard pearlite grains contributes 
to the heightened microhardness of the surface layer.

Theoretical investigations [21; 22] highlight that the 
hardening process of the surface layer can be compre-

hended through the lens of dislocation theory. According 
to this theory, metal hardening arises from the develop-
ment of denser dislocation substructures and enhanced 
shear resistance within the lattice. Drankin B. et al. [22] 
substantiated that the creation of low-angle grain bounda-
ries, coupled with an augmented dislocation density, cur-
tails grain movement and reinforces the metal. This implies 

Fig. 7. Response surfaces of hardening degree of cylindrical surface under pendulum SPD depending on:
t and s (а); t and nb (б); nt and nb (в); α and s (г) 

Рис. 7. Поверхности отклика степени упрочнения цилиндрической поверхности при маятниковом ППД в зависимости от: 
t и s (а); t и nз (б); nин и nз (в); α и s (г) 

T a b l e  4

Parameters and modes of pendulum SPD providing an increase 
in physical and mechanical properties of the surface layer

Таблица 4. Параметры и режимы маятникового ППД, обеспечивающие повышение 
механических свойств поверхностного слоя

Layer properties
Process variables Optimized variables

t, mm s, mm/rev α, deg ntool , double strokes/min nb , rpm h, mm CH, %
h, mm 0.15 – 0.20 0.07 – 0.11 35 – 40 120 – 130 160 – 200 1.0 – 1.1 50 – 60
CH, % 0.15 – 0.20 0.07 – 0.11 35 – 40 110 – 130 180 – 200 1.0 – 1.1 61 – 65
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that a higher dislocation density corresponds to increased 
hardness of the metal. Sulima A. et al. [23] introduced 
the equation for dislocation density:

           (4)

where HV1 represents the initial surface microhardness; 
HV2 is the surface microhardness post plastic deforma-
tion; ρ0 = 108 cm–2 is the initial dislocation density for 
carbon steels. Works [22; 23] present an inter-disloca-
tion interaction parameter for ferritic steel as α = 0.32. 
G. Taylor estimated parameters for diverse polycrystal 
lattice types. They are: for BCC metal lattice m = 2.75; 
for steel grade 45 the shear modulus G = 78,000 MPa; 
the Burgers vector b = 3·10–8 cm. 

With the given values, we calculated the disloca-
tion density 50 μm beneath the surface following pen-
dulum tool treatment in the baseline mode, resulting in 
a value of 2.28·108 cm–2.

This indicates that the pendulum tool treatment esca-
lates dislocation density by a factor of 2.2 to 2.5. We com-
pared these outcomes with values reported in [11; 12]. 
These studies indicate a 26 % increase in dislocation den-

sity after treatment with a standard roller and a 150 % 
increase after treatment with a two-radius roller. 

In conclusion, it is imperative to note that the proposed 
pendulum tool process integrates both rolling and sliding, 
a unique characteristic not present in other existing hard-
ening methods. Such a combination effectively reduces 
surface micro-roughness and enhancers the mechanical 
properties of the surface layer.

 Conclusion

We have introduced a novel mechanical hardening 
process and developed the corresponding tooling. This 
process contributes to a notable increase in the hardness 
of the surface layer, achieving enhancements of approxi-
mately 9 to 12 % over the initial hardness.

Particularly significant is the microhardness eleva-
tion, ranging from 50 to 70 %. The resultant hardening 
depth lies within the range of 0.9 to 1.1 mm, and the cor-
responding hardening rate varies between 45 and 65 %.

By identifying optimal values for the process vari-
ables (nb = 160 ÷ 200 min−1; ntool = 110 ÷ 130 double 
strokes/min; t = 0.15 ÷ 0.2 mm; s = 0.07 ÷ 0.11 mm/rev; 
α = 35 ÷ 40°), we have successfully determined the set-

T a b l e  5

Microstructure of the hardened layer (steel 45) after pendulum SPD 

Таблица 5. Микроструктура упрочненного слоя (сталь 45) после маятникового ППД

Section
Microstructure of a hardened sample, 45 steel grade (×500)

Cross section Longitudinal section

Surface area

Core area
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tings that yield the maximum depth of the hardened layer 
and hardening rate.

We have elucidated the rationale behind the improve-
ment in surface layer properties, supported by both 
experimental findings and simulations. The research 
has revealed that, post-treatment, the average grain size 
experiences a reduction of 30 to 40 %, while the disloca-
tion density undergoes a substantial increase of 150 %.
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