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Abstract. Purpose of the work is related with the impossibility of correctly estimating the strain hardening of
metals (alloys) in the area of their large total deformations due to absence of additivity in the traditionally used value of
engineering strain v, its nonlinear change in the area of large values, and absence of data in the technical literature Hall-
Petch coefficient 4i for logarithmic true deformations, which led to the task of correct transition from the values of the
engineering strain 0 < y < 50...60 % to the value of the true logarithmic strainn 0 < & < 1...3. Methodology.
The theoretical analysis of the regularities of deformation hardening of metals (alloys) from the engineering strain is
carried out, the transition from engineering to logarithmic ("true") strain of metals (alloys) by analytical representation
of metal hardening graphs as a function of logarithmic (true) strain. in contrast to the degree of engineering strain is
presented. Originality. Analytical expressions are presented that allow the use of known theoretical data on the strain
hardening of metals (alloys) at small (50...60 %) total engineering strains y during cold pressure treatment to transition
to logarithmic (true) strain ¢ with large total deformations. Practical value. The obtained mathematical expressions allow
to use the accumulated in the technical literature experimental data on the hardening of metals and alloys with small
engineering strains in the processes of cold processing of metals (alloys) by pressure to determine the hardening with
large total logarithmic (true) strains. These data can also be used to solve metallophysical problems of metal processing
by pressure associated with large total compressions.

Keywords: cold forming of metals and alloys; hardening, degree of deformation

MEPEXIJ BIJI YMOBHOI JE®OPMAIIII 10 JIOTAPUOMIYHOI
MPY AHAJIITHYHOMY ONUCY 3MIITHEHHSI METAJIIB

JIOJIDKAHCBHKHI A. M.!, ookm. mexn. HayK, npog.,
AIOITIOBA T. A.z*, KaHO. mexH. HayK, 00y.,

HOCKO O. A>, kano. mexh. HayK, 0oy.,

PUBKIH O. I1.*, cmyo.,

AIOTIOB O. A., cmyo.

"' Kadeapa sxocti, cranmaptusanii Ta cepruikauii, Hanionansaa Metamypriitna akagemis Ykpaium, op. [arapiaa, 4, 49005, JTuimpo,
Vxkpaina, Ten. +38 (056) 746-05-49, e-mail e-mail: a.dolzhanskiy@gmail.com, ORCID ID:0000-0002-7552-3012

> Kagempa wmarepiamosmasctBa imM. 0. M. Tapama-XKosmipa, Hamiomansha Meramypriiiua akagemis  Ykpaiuu,
mp. [arapina, 4, 49005, duinpo, Ykpaina, ten. +38 (056) 374-89-36, e-mail:kaf.material@metal.nmetau.edu.ua, ORCID ID: 0000-
0002-5706-4211

* Kadenpa MarepianossaBcrBa im. FO. M. Tapama-XKoswipa, Hamiomanssa MeTamypriliHa axagemis — Ykpainu,
mp. [arapina, 4, 49005, duinpo, Ykpaina, ten. +38 (056) 374-82-66, e-mail:kaf.material@metal.nmetau.edu.ua, ORCID ID: 0000-
0002-5749-7578

66


mailto:a.dolzhanskiy@gmail.com
mailto:kaf.material@metal.nmetau.edu.ua
mailto:kaf.material@metal.nmetau.edu.ua
mailto:kaf.material@metal.nmetau.edu.ua
mailto:tk136@ua.fm
mailto:a.dolzhanskiy@gmail.com
mailto:kaf.material@metal.nmetau.edu.ua
mailto:kaf.material@metal.nmetau.edu.ua

METAJIO3HABCTBO TA TEPMIYHA OBPOBKA METAJIIB Ne 1 (92) - 2021 p.  ISSN 2413-7405

* Kadenpa marepianosnascrsa im. 10. M. Tapana-)Koripa, Hamionanssa Metanypriiina akagemis Ykpainu, np. larapina, 4, 49005,

Huinpo, Ykpaina, ten. +38 (056) 374-82-66, e-mail:kaf.material @metal.nmetau.edu.ua

5 Kadenpa sikocTi, crammapTusarii Ta ceprudixanii, Hamionansra Meranypriiiaa akagemis Ykpainn, np. larapina, 4, 49005, quinpo,
Vxpaina, Ten. +38 (056) 746-05-49, e-mail: tk136@ua.fm, ORCID ID: 0000-0002-1414-0835

AHoraniss. Mema podéomu 1OB’s13aHa 3 HEMOXKIIMBICTIO KOPEKTHOT OILIHKH Ne(OpMAaIifHOTO 3MIITHEHHST METaliB
(cmaBiB) B 00JIACTi X BENMKUX CyMapHUX jaedopmariiii gepe3 BiICyTHICTh aTUTHBHOCTI Y TPATUIIITHO BUKOPUCTOBAHIM
BEJIMYHMHI BiTHOCHOTO (YMOBHOTO) CTymeHs nedopmarii ¥, a Takok 3 HOro HETiHINHOIO 3MiHOIO B 00JacTi BETUKHX
3HAauYeHb Ta BIJICYTHICTIO B TEXHIYHIH JIiTepaTypi qaHuX mo/0 koedimienta Xomra-Iletua 4i ays icTHHAUX AedopMartii,
10 3yMOBWJIO 3aBAaHHS KOPEKTHOTO Nepexoay BiJ 3HadeHb yMoOBHOI aedopmarii 0 <y < 50...60 % mo BennuuHU
ictuHHOI JorapudmiuHoi medopmamnii 0 < ¢ < 1...3. Memoouka. B poGOTI MPOBEACHO TECOPETUUHHUN aHAII3 BUAY
3aKOHOMIpHOCTEH aedopmariiitHoro 3MirHeHHS MeTaliB (CIUIaBiB) BiJ YMOBHOTO cTymneHs nedopmarrii, mpeacTaBieHoO
nepexij BiJi yMOBHOTO /10 Jiorapu(mivyHoro (icTHHHOTO0) cTyrneHs aedopmarii MeTaiiB (CIJIaBiB) IUIIXOM aHAJTITHYHOTO
IpecTaBIeHHS rpadikiB 3MIIHEHHS MeTalliB y QyHKii crymneHs gorapudmivHoi (icTuHHOT) nedopmanii Ha BiIMIiHY BiX
cTyrneHs BigHOCHOI (yMoBHOI) nedopmanii. Haykoea noeusna. llpencraBieHi aHANITUYHI BHPa3H, sSKi JO3BOJSIOThH
BUKOPHCTOBYBATH BiJJOMi TEOpETHYHI JaHi Ipo JedopMaliiiHe 3MIlHEHHS MeTajiB (CIUIaBiB) 32 YMOBH HEBEJIMKUX
(50...60 %) BigHOCHHMX CyMapHHX AedopMaIlliil y miI yac X0IoaHOi 00poOKH THCKOM AJIS TEPEXOoAy 10 JiorapupMidHOT
icTuHHOI nedopmarii € 3 BeMUKUMU cyMapHuUMH nedopmamisivu. Ilpakmuuna 3nayumicms. OTpUMaHi MaTeMaTHIHI
BUpa3U JI03BOJISIIOTH BUKOPUCTOBYBATH HAKONHMYEHI B TEXHIUHIH JIiTepaTypl eKCIEpUMEHTANIbHI JaHl PO 3MILHEHHS
METaliB Ta CIUIABiB 3 HEBEJIMKUMHM BiJHOCHUMHM (YMOBHMMH) nedopmanisMu B Ipouecax XoJoaHoi o0poOku meraniB
(crumaBiB) THCKOM JUIsl BU3HAYECHHS 3MILHEHHS 3 BEJIMKMMHU CYMapHUMH JIOTapuMIYHUMH (ICTHHHUMH) AedOpMallisiMu.
Ili mami TakoXX MOXXYTb BHKOPHUCTOBYBATHCH JJISI BHPIIICHHS METaJO3HABYHX IMPOOJIEeM OOPOOKM METajiB THCKOM,
MOB'SI3aHKUX 3 BEJIMKUMH CYMapHUMH OOTHCHEHHSIMH.

KurouoBi ciioBa: xonoouna obpobxa memanie i cniagie Mmuckom, 3MiyHenHs, Cmyninb oegopmayii

The strength characteristics of metals and
alloys (yield point ©g,, ultimate strength og, )
hardness, for example, according to Brinell,
HB) during cold deformation, as a rule
increase. This information is used both in
theoretical calculations and in practical
activities in determining of the energy-power
parameters of the metal forming processes, the
peculiarities of the flow of metals, the
formation of product properties, etc.

Most of the known data on the regularities
of metal hardening are graphically presented by
dependencies of the form 1 in Figure 1.

They are approximated by formulas of the

Strength characteristic

Engineering strain, %

type [1]: Fig. 1. The Type of Dependence of Strength
B by . 1 Parameters on the Engineering Strain:
Op =0, Tary (1 1 — according to A.V. Tretyakov [1],
, 2 — according to V.A. Yukhvets [2]
Op =0p +dgy " ; (2) F_F
0 1

. ><100=(1—l)><100 %,  (4)
HB = HB, +a,y™ ’ 3) F, yri

where Fy and F are the cross-sectional areas of
the product before and after deformation; p —
coefficient of elongation (stretching) for
processes with a positive principal deformation
(for example, drawing process): u = Fy/ F1.

where o, ,0, , HB, are the initial (before

deformation) values of the corresponding
characteristics [kgf/mm®]; a;, b; — empirical
values typical for each metal (alloy); y, — total
engineering strain:
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In this case, the values of @; and b; (where i
— is the corresponding strength characteristic)
are obtained mainly for y < 50...60 %.

However, an increase in the total
engineering strain to y = 80...90 %, which is
typical, for example, for the processes of
drawing and continuous rolling, forms the
corresponding dependencies of the type as line
2 in Figure 1 [2]. This is related not so much to
physical phenomena occurring in the metal as
to the absence of the additively property of y
and its nonlinear change while large values.

The previously indicated fact was fixed in
[3], but no specific practical recommendations
for taking it into account were given.

Physically more reasonable is the
dependence of the metals strength properties on
the logarithmic (true) strain:

g=lnﬂ=ln,u
1

()

This value has the additively property and
is linear in the entire range of its variation.

The above may be shown by the following
example. Let the initial section of the
workpiece Fy = 100 mm?>. A decrease in the
section to Fij; = 2 mm? (the first variant of
deformation) and to Fij; = 1 mm° (the second
variant of deformation) is accompanied by the
values y; = 98 % and v, = 99 %. The absolute
value between options Ay = 1 %. In this case,
deformation from F); to Fj, requires
Y12 =50 %. When using the parameter ¢ for the
same example, we have: ¢ = 3.91, g, = 4.61,
Ae = 0.7, which is equal to g, when deformed
from F; to F1s.

Figure 2 shows a graphical transformation
of the dependence o = y(y into o = y;(g).
Here curve 2 can be approximated quite
accurately by an equation of the form:

Ui:60i+Ai'\/;: (6)

which corresponds to the Hall-Petch equation

[3].
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o=yi(e)

Fig. 2. Transformation from Argument y (curve 1)
to € (curve 2) in the Graphical Representation
of Hardening Curves

The problem is that in the technical
literature there are practically no data on the
values of the coefficient 4; for o, ,0, ,HB,.

Also, there is visibly not enough information
about the regulaties for metals hardening in the
area of large deformations. The latter can be
largely compensated by extrapolating the
monotonically varying dependence 2 in
Figure 2 into the area of large values of e.

On the basis of the foregoing, the purpose
of the work is the correct transformation from
the engineering strain 0 <y < 50...60 % to the
true logarithmic strain 0 <g <1...3.

The equality of the values of any of the
strength parameters determined by the formulas
of types (1) and (6) gives the value of 4; only
for one specific degree of deformation.

To adequately replace y in (1) by € in (6), it
is necessary to average the corresponding
dependences in the range of variation of the
degrees of deformation y and &. Taking into
account that according to (4) and (5):

y =100-(1-exp(-¢))

and also (1) and (6) we obtain:

(7)

[(0y+4,-&")de =
0

= 9.81£TX(00 +a, (100 (1—exp(=¢)"))de , (8)
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where

j(1 _exp(—¢))" de

4,=9.81-a,-100" *— SNC)
Igo'sdg
0
or
A =981-a,-1, (10)
where
[(1—exp(-£))" de
1=100" *— . (11)

J'go.sdg

0

The coefficient 9.81 assumes a transition
from the dimension kg’f/mm2 [1] to MPa, gnax i
the maximum value of the logarithmic true
strain corresponding to Ymax in the range
0 <y<ymax according to [1].

It is difficult to obtain the exact value of /
from (11). As a result of numerical integration
and approximation, an expression is obtained:

I=15-exp(x,p* +x,b° + x;b° + x,b), (12)

where:
—fory=63.2 % (thatis e = 1):

x; = 0.0455, x; = —-0.2015, x; = 0.4027,
x4 =3.3588;

— for y =86.5 % (that is € = 2):
x; = 04981, x; = —2.1399, x; = 3.2508,
x4=2.094.

To assess the data obtained, a special
analysis was performed. In this case, the results
of an experimental (index “E”) study of the
hardening of a number of steels in accordance
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with the formula of the form (6) when wire rod
drawing with an average initial diameter of
6.5 mm and a degree of deformation €y« up to
3 (y up to 95 %) were used. The experiments
were carried out in the conditions of several
hardware Ukrainian enterprises. The chemical
composition of investigated steels and
corresponding  hardening  parameters are
presented in Tables 1 and 2.

The obtained values of Agg and A were
compared with the calculated (index "C")
values Apc and Agyc, obtained according to
formulas (10) and (12) taking into account the
levels a; and b; at Ymax = 62 % (€max = 1) from
the monograph [1] for steels closest to those
studied. In this case, it was assumed that the
initial levels of ultimate strength opo and yield
strength o, were adequate.

Comparison of the calculated and
experimental coefficients Ag and Ay, made in
the table, indicates a satisfactory coincidence of
the corresponding characteristics of hardening
and the possibility of extrapolating the data [1]
to the range of values € > 2...3.

Conclusions. The obtained expressions
allow to use the experimental data accumulated
in the technical literature on the hardening of
metals and alloys with small relative
compressions in the processes of cold working
of metals by pressure to determine hardening
with large total logarithmic deformations
(strains). These data can also be used to solve
metallophysical problems of metal forming
associated with large total deformations.
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Table 1
Chemical Compositions of Investigated Steels
Steel Chemical composition in %
Grade C Si Mn Ni S P Cr A
StOM <0.15 - — <0.06 <0.07 -
St0 <0.23 - — <0.30 <0.06 <0.07 <0.30
Stlkp 0.06...0.12 <0.05 0.25...0.50 | <0.30 <0.05 <0.04 <0.30 -
Stl 0.06...0.12 | 0.15...0.30 | 0.25...0.50 | <0.30 <0.05 <0.04 <0.30 -
St2kp 0.09...0.15 <0.05 0.25...0.50 | <0.30 <0.05 <0.04 <0.30 -
St2 0.09...0.15 | 0.15...0.30 | 0.25...0.50 | <0.30 <0.05 <0.04 <0.30 -
10kp 0.07...0.14 <0.07 0.25...0.50 | <0.30 <0.04 <0.035 <0.15 -
10 0.07...0.14 | 0.17...0.37 | 0.35...0.65 | <0.30 <0.04 <0.035 <0.15 -
20kp 0.17...0.24 <0.07 0.25...0.50 | <0.30 <0.04 <0.035 <0.25 -
20 0.17...0.24 | 0.17...0.37 | 0.35...0.65 | <0.30 <0.04 <0.035 <0.25 -
sv-08A <0.10 <0.03 0.35...0.60 | <0.25 <0.03 <0.03 <0.12 -
08kp 0.05...0.12 <0.03 0.25...0.50 | <0.30 <0.04 <0.035 <0.10 -
SV-
08G2S 0.05...0.11 | 0.70...0.95 | 1.80...2.10 | <0.25 <0.025 <0.03 <0.2 -
09G2 <0.12 0.17...037 | 14...1.8 <0.30 | <0.035 <0.03 <0.30 <0.12
Table 2
Comparison of Experimental and Calculated Characteristics of Hardening of Some Steels
Experiment Calculation by formulas (10) and (12)
Steel Opos | Ave | 0, , | Ao, | Steel as, by Agc, ap, bo | Ao,
MPa | MPa MPOa MPa kgf/mm” MPa | kgf/mm’ MPa
StOM 384 334 261 412 St0 1.65 0.68 272 5.62 0.46 415
Stlkp 378 273 216 383 Stl 2.68 0.57 295 - - -
St2kp 382 306 222 413 St2 1.86 0.71 342 3.06 0.62 404
10kp 406 338 255 415 10 2.78 0.62 367 2.95 0.64 420
20kp 490 310 290 386 20 0.58 0.98 291 3.16 0.64 449
sv-08A 363 320 208 419 08kp 1.48 0.75 315 7.00 0.60 425
SV- 610 305 388 451 09G2 0.64 0.91 274 3.46 0.46 435
08G2S
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	Розмір включень визначає величину порожнин і тріщин, які в них виникають �[3; 15−19]. Довжина тріщин у сталевій матриці не залежить від розміру включення, яке відіграє роль центра зародження тріщини, а швидкість її зростання визначають тип сталі і режим обробки �[3; 15−19]. Форма мікроруйнувань залежить від форми включень. 

	Зміна форми сульфідних включень від компактної в сталях НБ-57 і 08кп до змішаної і, нарешті, до плівкової спричинює зміни дефектності структури зміцненого поверхневого шару після лазерної дії, оскільки протяжність тріщин, що проходять через включення, істотно збільшується від першого до останнього випадку. Поблизу компактних включень порожнини і тріщини мають меншу сумарну протяжність, ніж у разі їх поширення уздовж плівкових включень. Крім того, у процесі вибивання розплавлених включень ударною хвилею русла, що звільнилися, спричинює збільшення ступеня дефектності зміцненого шару.�
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