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Abstract. The purpose of the study is to determine the factors influencing the fracture toughness of steels in hydraulic
cylinder rods. The dependence of the change in the hardness of pre-hardened steel 30KhGSA on the tempering tem-
perature is presented. The hardness values of 30KhGSA steel after surface plastic deformation are presented. The
dependences of the heating temperature on the calculated thickness of the sample, on the input energy, and on the
level of hydrogen content in steel have been determined. The required heating temperature for steel 20MnV6 has

been calculated. The reasons for the formation of cold cracks in steels 45, 40X, 30 HGSA, 20MnV6, 42CrMo have been
determined. Recommendations are given for the elimination of the formation of cold cracks under the thermal effect

of steels.
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Introduction

Special equipment (excavators, drilling rigs)
operates in harsh, harsh conditions characterized by
high relative humidity, dynamic alternating loads in
contact with rocks and soil [1].

The rod is one of the main structural elements
of the hydraulic cylinders of special equipment,
transmitting the force from the piston. This metal rod
is made of structural steel or low alloy steel, with a
chrome covering.

The chrome covering provides an additional
layer of protection. It is more resistant to negative
influences of the environment.

During operation, the rods of the hydraulic
cylinders experience large dynamic loads. Despite
the chrome-plating protection of the rubbing surfaces
of the rod and the cylinder liner, various defects are
formed on their surfaces as a result of these loads.

Rods for special equipment are made of the
following steel grades: St45, 40X, 30HGSA. The
choice of these steels is based on the properties that
determine their applicability for such parts, namely,
flock sensitivity and tendency to crack formation.

Research methods

The considered group of structural materials
(medium-carbon low-alloy steels) is the most
common in modern mechanical engineering. The
most important characteristics of steels and alloys are

indicators of mechanical, technological and service
properties.

In the manufacture of hydraulic cylinder rods,
steels with an average carbon content (0.25-0.45%)
are used, both unalloyed (for example, steel 45) and
low-alloyed (30 HGSA, 40X according to GOST 4543-
71). These structural engineering steels are used, as a
rule, after quenching and tempering and, less often,
in a normalized state. The temperature range of
application of products from these steels is from — 5
to 60°C. Their toughness remains high enough down
to —60°C. After heat treatment, the strength can reach
up to 1100 MGa [2-5].

The critical cooling rate of medium-carbon alloy
steels during quenching is much lower than that of
low-carbon steels due to a noticeable increase in the
range of low stability of austenite. Therefore, when
they are cooled, even in air, part of the austenite can
be supercooled and undergo transformation below
the MH temperature. Under heating and cooling
conditions, the heat affected zone (HAZ) during
heating even in the most overheated areas with
homogeneous austenite at an increased cooling rate
can form martensite [6].

In structural carbonaceous, low- and medium-
alloyed steels, the nonequilibrium phase — martensite
— is of particular importance. It is a supersaturated
solution of carbon in a-iron, is formed by a special

mechanism and has high strength and hardness (the
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higher, the more carbon is contained in martensite)
and low plasticity and toughness.

In steels with a carbon content of 0.30% and
higher, upon rapid cooling of the metal in the heat-
affected zone, a solid martensitic or troostite structure
is formed, which is much more brittle than the base
metal, which creates a danger of brittle fracture both
during the manufacture of products (cold cracks) and
and during operation.

Structural changes occurring during various
heat treatment operations contribute to the change
in the properties of steels. A change in the structure,
consisting in a change in the size and state of the
phase components, determines the changes in the
motion and deceleration of dislocations and, thereby,
the resistance to deformation and the limiting value
of deformation under loading of steel. The presence
in the ferrite matrix of an excess phase in a dispersed
state or even in a pre-precipitation state leads to a
distributed multiple blocking of dislocation motion
and thereby to a significant hardening of the steel. In
this case, naturally, the ductility and toughness of the
steel are reduced [7].

From literary sources it is known about the effect
of tempering temperature on the hardness of pre-
hardened structural steel 30HGSA. Figure 1 shows
a graph of the dependence of the hardness of steel
30HGSA on the tempering temperature. When
the hardened structural steel 30HGSA is heated in

the temperature range of 200-700°C, a significant
decrease in the metal hardness occurs [8].

For a more detailed study of the structure and
properties of the metal in the area of softening,
samples were made from pre-hardened and tempered
30XGSA structural steel. The heating temperature
was determined from the thermokinetic diagram
for steel 30KhGSA and amounted to 760°C, which
corresponds to the Acl temperature for 30KhGSA,
at which a section of high-temperature tempering
of the HAZ begins to form. This heating simulated
the thermal effect on the base metal. The results of
measuring the hardness of the samples are shown in
Figure 2.

It should also be borne in mind that with an
increase in the thickness of the metal, the structural
and mechanical inhomogeneity of the material
increases, and the likelihood of the appearance of
defects increases. In this case, stresses along the
thickness of the metal also increase and conditions
are created for the transition from a plane stress state
to a plane-deformed state. Statistical analysis of the
causes of destruction of large-sized thick-walled
structures operating under load indicates that in
more than 80% of cases, destruction occurs as a result
of the formation and growth of cracks in the metal.

The high strength of materials can only be
realized in structures when it is combined with a
sufficient supply of other properties and, above all,
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Figure 1 — Dependence of the change in hardness, pre-hardened steel 30HGSA on drawing temperature
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1 - value of hardness, hardened and tempered structural steel 30HGSA according to GOST 8479-70; 2 — Sample hardness after
hardening and drawing-back; 3 — hardness of the sample after heating to Acl temperature (760°C) and subsequent cooling in
air; 4 — hardness of a sample subjected to surface plastic deformation

Figure 2 — Hardness of samples of structural steel 30HGSA after various impacts

with the fracture toughness.

It should also be noted that with an increase in the
degree of alloying of steels, especially with chemical
elements that contribute to precipitation hardening
(for example, vanadium, molybdenum, etc.), the
likelihood of cracking during reheating of structures
during subsequent heat treatment (for example,
when remelting coatings) increases significantly.
so-called cracks during heat treatment (CHO). The
mechanisms responsible for the formation of CHO
can be conditionally subdivided into two groups
depending on their influence on the direct and
relative softening of grain boundaries.

Direct softening is a consequence of grain-
boundary segregation of alloying and impurity
elements, adsorption of gases, release of brittle
phases, the appearance of high-temperature slip
and martensitic transformation of a high density of
crystal lattice imperfections, and the formation of
submicroscopic or microscopic embryonic defects.

Relative softening, which in most cases is the main
factor, manifests itself as a result of the precipitation
hardening process caused by the release of particles
of thermally stable secondary phases. With holding,
adopted in the process of heat treatment, precipitation
hardening of low and medium alloy steels manifests
itself in the temperature range of 500-700°C, in which
the appearance of CHO is noted, which is primarily
caused by the formation of molybdenum and
vanadium carbides.

To analyze the tendency of structures to form
cracks upon reheating, the following indicators are
used, proposed by various researchers for steels with
C<0.18% and Cr<1.5%:

AG=Cr+3,3Mo+81V—2. (1)

At AG>0, the danger of the appearance of CHO
increases.

The formation of martensite in the HAZ during
heating of medium-carbon, low- and medium-alloy
steels is the main reason for the difficulty of their heat
treatment due to the tendency to form cold cracks.
Cold cracks can appear immediately after thermal
exposure (for example, during the application of
thermal spray coatings and their remelting) and after
some time. The disadvantage of the steels under
consideration is also the martensitic structure of the
HAZ, which determines the increased brittleness
of these areas, which can affect their operation,
especially when operating at low temperatures,
dynamic loads, etc. [9].

Cold cracks are a type of localized destruction
of structures. In the formation of cold cracks, three
factors are decisive: hardening structures, anincreased
level of stresses of the first kind, and the saturation
of the metal with hydrogen. It was found that the
process of cold crack formation includes three stages:
preparatory, incubation and spontaneous destruction.
The first two stages characterize the nucleation

process, and the third, the crack propagation process. [ 63
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According to the researchers, cold cracks originate
along the boundaries of the actual austenite grain as
a result of high-temperature plastic deformation, at
which the density of mobile dislocations increases and
the elastic energy of structural distortions increases.
The subsequent appearance of submicrocracks is the
result of sliding along grain boundaries and diffusion
of vacancies to the boundaries. Hydrogen and sulfur,
which reduce the surface energy of grain boundaries,
promote the growth of cavities and submicrocracks
[10].

The tendency of steels to cold cracking is
associated with their hardenability — an increase in
hardness under the influence of a thermal cycle and
saturation of the HAZ metal with hydrogen. Since
the hardenability of steels increases with an increase
in the degree of alloying, the propensity to form cold
cracks is roughly estimated by the carbon equivalent
index Ce:

&=0+%¥+%4%?+%+QQ%EL @)

It is believed that at Ce<0.4, steel is not prone to
cold cracking.

Equivalent carbon content affects the critical
hydrogen content in the metal of structural alloy
steels. The higher the content of carbon and other
elements that lower the temperature of martensitic
transformation, the lower the hydrogen content,
cracks form.

In order to avoid the formation of cold cracks
during thermal action of medium-carbon steels,
especially alloyed ones, it is first of all necessary
to slow down the cooling rate of the metal of the
structure during thermal action and to reduce the
level of arising stresses. Reducing the cooling rate of
the HAZ does not always prevent the transformation
of austenite to martensite. But even if the martensitic
transformation cannot be avoided, the decomposition
of austenite in the martensite zone is transferred to
the temperature range closer to Mn (farther from Mk),
which makes the formed martensite less stressed and
less brittle.

Since the formation of cold cracks is influenced
by hydrogen, during the thermal effect of steels
of this type, special precautions must be taken to
prevent the ingress of hydrogen sources — moisture
and scale — into the thermal effect zone. To do this,

thoroughly dry and clean the surface of the product
before thermal exposure. Technological measures
are also advisable, allowing to reduce the level of
stresses in the product, heat treatment, most often
high tempering, which simultaneously leads to the
decomposition of martensite and to reduce residual
stresses.

To prevent the formation of cold cracks, it is
effective to use heating during thermal exposure. This
reduces the cooling rate of the HAZ metal, prevents
the formation of martensite, and creates favorable
conditions for the removal of diffusible hydrogen.

To estimate the required reheating temperature
during thermal action in order to avoid the formation
of cold cracks, you can use the recommendations
presented in the international standard EN 1011-2:
2002 «Welding — Recommendations for welding of
metallic materials — Part 2: Arc welding of ferritic
steels». It can be assumed that the thermal effect on
the steel metal during the welding process will be
similar to the thermal effect during the application
of thermal spray coatings and their remelting. The
standard [11] presents 2 methods for determining the
required heating temperature of steels under thermal
action.

The first method for determining the heating
temperature according to formula (2).

Let us determine the possible level of hydrogen
content in steel according to table 3 [12].

Heating calculation formula:

Q=Q+Q+Q. 3)

The energy introduced into the steel when the
coating is heated to the melting point [13]:

Q1 = C1m(tz - tl), (4:)

where C| is the heat capacity of the heated material,

J/kgK;

m is the mass of the heated material, kg;

¢, is the initial temperature, °K (1, =293°K);

t, is the temperature required when heating the
coating to the melting temperature, °K (£,=1273°K).
Energy introduced into steel during coating melting;:

,=m X, (5)

where m is the mass of the heated material, kg;
v is the specific heat of fusion.
The energy introduced into the steel when the

Table 1 — AG Steels used in the production of hydraulic cylinder rods

Steel grade 45 40X

30HGSA 20MnV6 42CrMo

AG -1,965 -0,9

-0,9 0,184 0,025

Table 2 - Equivalent of carbon Ce of steels used in the production of hydraulic cylinder rods

Steel grade 45 40X

30HGSA 20MnV6 42CrMo

0,674 0,833

0,783 0,604 0,873




coating is heated to the melting temperature:
Q= sz(tg - tz), (6)

where C, is the heat capacity of the molten material,

J/kgK;

m is the mass of the heated material, kg;

t, is the temperature required when heating the
coating to the melting temperature, °K (£,=1273°K);

t; is the temperature required when heating the
molten coating, °K (£;=1573°K). According to the
nomogram shown in Figure 3, we determine the
required steel heating temperature [14].

The second method for determining the heating
temperature.

Let's define the carbon equivalent for steel:

_ Mn+Mo , Cr+Cu
CET =C+ 10 + 20

Ni
+ % (@)

Required temperature Without heating steel
under thermal influence (°C) [15]:

Tp =TpCET + Tpd + TpHD + TpQ. (8)
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Heating temperature taking into account the
carbon equivalent of steel (°C):

TpCET = 750 X CET — 150. )

Heating temperature taking into account the
thickness (d) of the product (°C):

Tpd = 160 x tg(%)— 110. (10)

Heating temperature taking into account
hydrogen content in steel (°C):

TpHD = 62 X HD 0,35 — 100. (11)

Heating temperature taking into account the
energy introduced into the steel during the remelting
of the coating (°C):

TpQ = (53 X CET —32) X Q=53 X CET + 32. (12)

After calculating the required heating tempe-
rature for steel 20MnV6, the following data were
obtained. The required heating temperature of
20MnV6 steel under thermal action (during remelting

Table 3 — The level of hydrogen content in the weld metal

Diffusible hydrogen content, ml/100g of deposited metal Hydrogen scale
> 15
10<15 B
5<10 C
3<3 D
<3 E
1
200
180
200 175 150 125 100 75
160 ) o
_—~ 20
140 = = /// 0
120 A / | //
/ L~ 7/ L~
100 / -l ] -
/ / L~ = = 3
80 4 I~ //%/ =
// = 4 A B C D E
20 / 5 0,47 0,49 0,51 0,58 0,60
0

0,0 0,5 1,0 1.5 2,0 25

3,0 35 4,0 4.5 5,0 55 6,0

1 - design thickness, mm; 2 — introduced energy per unit length, kJ/mm; 3 — minimum required heating temperature, °C;
4 - hydrogen content in steel, ml/100g; 5 — carbon steel equivalent

Figure 3 — Nomogram for determining the heating temperature
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of the coating) is 125°C according to the first method,
82°C according to the second method.

Conclusions

When identifying factors affecting the formation
of cracks in the steels under study (used in the
manufacture of hydraulic cylinder rods 45, 40X,
30HGSA, 20MnV6, 42CrMo), it was found that for
steels 20MnV6, 42CrMo, cracking is possible upon
reheating. At the same time, evaluating the carbon

cracking under significant thermal exposure (for
example, when remelting a gas-thermal coating).
The reason for the formation of cold cracks is the
embrittlement of the steel metal at an increased
cooling rate, thermal stresses and hydrogen in the
steel metal. In order to avoid the formation of cold
cracks during thermal action of steels, it is necessary
to slow down the cooling rate of the metal of the
structure during thermal action and to reduce the
level of arising stresses. In this case, to prevent

the formation of cold cracks, it is effective to use
preheating during thermal exposure [16].

equivalent of the metal, we can say that all steels (45,
40X, 30HGSA, 20MnV6, 42CrMo) are prone to cold

This research has been/was/is funded by the Science Committee of the Ministry of Education and Science
of the Republic of Kazakhstan (Grant No. AP08856371).

CMNCOK JINTEPATYPbI

Karyernyy avtotransport stran SNG v XXI veke / P.A. Mariyev i dr. — Moscow: Nauka. Leningradskoye Otdeleniye, 2006. — 382 p.

Lenard J.G. Metal Forming Science and Practice. Elsevier Science, 2002. — 378 p.

Callister W.D. Materials Science and Engineering: An Introduction 7th Edition. — Wiley, 2007. — 149 p.

Bernshteyn M.L., Zaymovskiy V.A. Mekhanicheskiye svoystva metallov. Moscow: Metallurgiya, 1979. — 494 p.

Gulyayev A. P. Metallovedenne. Uchebnik dlya vuzov. 5-ye izd., pererab. i dop. — M.: Metallurgiya, 1986. — 544 p.

Gudkov A.A. Treshchinostoykost' stali. — Moscow: Metallurgiya, 1989. — 376 p.

Matyunin V.M. Karpman M.G., Fetisov G.P. Materialovedeniye i tekhnologiya metallov — Moscow: Vysshaya shkola, 2002. — 640 p.

Lavrent'yev AYu. Dozhdelev A.M. Issledovaniye protsessov, protekayushchikh v zone termicheskogo vliyaniya pri naplavke na

termoobrabotannuyu konstruktsionnuyu stal' 30HGSA. http://www.science-bsea.bgita.ru/2014/mashin_2014_20/lavrentiev_

issled.htm

9. Dozhdelev A.M., Lavrent'yev AYu., Zubkov N.S. Vozniknoveniye zony termicheskogo vliyaniya pri izgotovlenii naplavlennogo
metallorezhushchego instrumenta. http://www.science-bsea.bgita.ru/2014/mashin_2014_19/dojdelev_vozn.htm

10. Volodyuk M.L., Kravchenko L.P. Strukturnyye prevrashcheniya v zone termicheskogo vliyaniya pri vosstanovlenii detaley naplavkoy
iz zakalivayushchikhsya staley http://nti.khai.edu:57772/csp/nauchportal/Arhiv/AKTT/2011/AKTT211/Volovody.pdf

11.LST EN 1011-2:2002 Welding — Recommendations for welding of metallic materials — Part 2: Arc welding of ferritic steels EN 1011-
2:2001.

12. Dozhdelev A.M. Razrabotka resursosberegayushchey tekhnologii izgotovleniya instrumental'nogo bimetalla na osnove upravleniya
strukturoy i svoystvami zony splavleniya R2M8 i 30KHGSA. Avtoreferat dissertatsii na soiskaniye uchenoy stepeni kandidata
tekhnicheskikh nauk. Saint Petersburg. —2018. — 31 p.

13. Lavrent'yev AYu., Dozhdelev A.M. Sovershenstvovaniye struktury zony termicheskogo vliyaniya naplavlennogo bimetallicheskogo
instrumenta. Nauchno-tekhnicheskiye vedomosti CPbPU. Yestestvennyye i inzhenernyye nauki. Tom 23. —no. 3. -2017. — pp. 118-
126.

14. Lebedev Yu.M. Vliyaniye svarochnogo i poslesvarochnogo nagreva na strukturnyye prevrashcheniya i svoystva ZTV svarnykh
soyedineniy  zakalivayushchikhsya  staley  http://dspace.nbuv.gov.ua/bitstream/handle/123456789/100911/06-Lebedev.
pdf?sequence=1

15. Loshakov S.A., Plaksina LT., Shvedov V.V. Tekhnologiya remontnoy naplavki Sektora modulya burovoy lebedki // MASTER'S
JOURNAL. = no. 1. —2017. — pp. 61-67.

16. Otchet o NIR no. gos. registratsii 0120RK00346 «Razrabotka resursosberegayushchey tekhnologii remonta dlinnomernykh shtokov

gidrotsilindrov krupnogabaritnoy spetstekhniki promyshlennogo naznacheniya s vozmozhnost'yu vosstanovleniya lokal'nykh

povrezhdeniy na meste yeye ekspluatatsii» avtorov Zhetesovoy G.S., Ibatova M.K., Nikonovoy TYu. i dr. — Karaganda, 2020. — 43 p.

PNk WNE

Tymikmep ywiH coiHbIKkmbl 60n1amKa acepaelimiH gpakmopnapdsl manday

1*HUKOHOBA TambsaHa KOpbesHa, m.f.K., doueHm, nitka82@list.ru,

1)KETECOBA lynbHapa CanmaesHa, m.f.0., npogeccop, zhetesova@mail.ru,

2LUKAMAT EneHa, doyeHm, ara Kbiamemkep, jelena.skamat@vilniustech.lt,

LKYHYCIEKOB fapxan Cepukosu4, 0okmopaHm, zhynyspekov_darkhan@mail.ru,

IMATELLIOB ApmaH Kapueeuu, ara okbimyuwisl, makashka_m@mail.ru,

KaparaHOdbl mexHuKanwiK yHusepcumemi, Kazakcma, 100027, KaparaHowl, H. Hazapbaes 0aHfbinbl, 56,
2[edumuHac ambiHOaFbI BunbHIOC MEeXHUKAAbIK yHUsepcumemi, /lumea, 10223, BuneHioc, Saulétekio al., 11,

*aemop-koppecrnoHOeHm.

AHOamna. 3epmmeydiH MaKcameoi — 2uOPABAUKAbIK YUAUHOP e3ekmepiHdeai 6o1ammapdbiH CblIHyFa mesimoinieiHe
| 66 acep ememiH ¢hpakmopnapdel aHbiIKMay. AndeiH ana bepikmeHdipinzeH 30KHGSA 601amblHbIH KAMMbIAbIFbIHGIH, 632€-



Pazgen «MawwnHocTpoeHune. MeTannyprusa» W

PYiHiH WeIHOay memnepamypaceiHa mayenodiniei ycbIHblAFAH. bemmik naacmukasnsik 0epopmayusadaH keliiH 30KHGSA
601aMbIHBIH KAMMbIALIK MaHOepi KeamipinaeH. YneiHiH ecenmesnaeH KanbIHObIFbIHA, bepinemiH sHepausFa #aHe 60-
nAammarsl cymeeai KypamelHelH OeHzeliiHe Kbi30bipy memnepamypacsiHbiH, mayendinizi aHbiIKkmanadel. EonammeiH,
20MnV6 Kaxcemmi Kbi30blpy memnepamypacel ecenmernzeH. 45, 40X, 30 XI'CA, 20MHB6, 42CpMo 6onammapsiHOa
CybIK #apblKkmapobiH natlioa 6oay cebenmepi aHbIKMAAObI. BonammapObiH MepMUAbIK dCepiHeH CYbIK HaApPbIKMap-
OblH natida 60nybIH 1ok 6olibiIHWA ycbiHbicmap bepinzeH.
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