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Abnormal effect of strain rate on dynamic recrystallization of
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According to literature data confirmed by our experiments on various steels, the strain degree that triggers the dynamic
recrystallization of austenite in high-temperature deformation increases with the strain rate. However, as shown in the
present work, micro-alloying of medium carbon steel by boron results in the opposite dependence in the strain rate range
of 1 to 100 s'. The corresponding features of stress-strain diagrams comply with the former austenite structures revealed by
chemical etching. A specific effect of boron is discussed with allowance for its segregations at grain boundaries where the
recrystallization embryos form. Such segregations hinder rearrangement of atoms involved in the grain boundary migration
and hence decelerate their bulging necessary to nucleate recrystallization origins. Similar to the known “yield tooth” effect,
very strong strain hardening of the steel with boron eventually enables the boundaries to free from the segregated atoms
and begin the dynamic recrystallization at relatively low strain degrees. The obtained results indicate that the considered
phenomenon is not due to the ultimate strain rate as such but results from its combination with the boron alloying. The
revealed regularities gain in significance for evident reasons. First, they enhance ductility of high-strength steels hot deformed
with very high strain rates as, for instance, in case of hammering. Second, such treatments notably refine the austenite structure
and, correspondingly, improve the transformed structure and final mechanical properties after steel quenching.
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AHoManbHOe BIMSAHUE CKOPOCTH AedopMaiu Ha JMHAMIYECKYIO
PEeKPUCTATUIN3ANMIO AyCTEeHUTA B O0pcofep Kaei
CpeHeyIIepOAUCTON CTaIN
Kusasmok T.B.T, 3ucman A. A.

Haunonanpubiii Vccnegosarenbckuii Llentp «Kypuarosckuit Mincturyr» — LlenTpanbubiii Hayuno-nccnegoparenbckui
NucturyT Koncrpykiuonnsix Marepuasnos «IIpomereit», Cankr-Iletep6ypr, 191015, Poccus

CoriacHO MHOTOYMC/IEHHBIM JINTEPATYPHBIM JAaHHDBIM, IIOATBEPIKAEHHDIM TOIIOTHUTETPHBIMU SKCIIEPMMEHTAMI Ha pa3-
JIVNYHBIX CTANAX, C POCTOM CKOPOCTIN ,[[e(i)OpMI/[pOBaHI/IH IIpM BBICOKMX TEMIIEPATYpPaX YBENINYNBAETCA IIOPOroBasa ue(i)op—
ManuA, Ipn KOTOpOI?l[ HAYIMHAETCA NVHAMMYECKAA PEKPUCTA/IIN3alNsd ayCTEHNITA. B To xe Bp€Ms, KaK IIOKa3aHO B TAHHOM
VICCTIE[IOBAHVM, MUKPOJICTMPOBAHME CPefHEYITIePOANCTON CTamu OOpOM IPUBOAUT K IIPOTHMBOIIOJIOKHON 3aBUCHMOCTH
B JuamasoHe ckopocreil oT 1 go 100 c¢'. CooTBeTcTByIOIME OCOOEHHOCTU AMArpaMM JeOpMUpPOBAHUA COITACYIOTCA
C MCXOOHBIMI CTPYKTYpaMI ayCTE€HNTA, BbIABICHHbIMM C IIOMOIIDBIO XVMIMNYECKOI'O TPpaB/I€HNA. CHCIII/I(i)I/I‘-IeCKI/H‘/II 3(1)(1)6KT
PacTBOPEHHOTO B CTamu 60pa 06CYXK/jaeTcsA C yIeTOM ero Cerperamyii Ha IpaHuIlax 3epeH, rie GopMMUpPYIOTCA 3apOJbIIIN
pexpucTanmm3anumn. Takue cerperanyy NpenATCTBYIOT aTOMHBIM II€EPECTPOECHNAM, 066CH€‘{I/IBaIOH_U/IM MUTPAMOHHYIO
IIOABVDKHOCTD 3TUX T'paHNL, 3aMeNidasa UX BBIrMOaHNE Ha JTOKaJTbHBIX y4JacTKaX, ¢ KOTOPbIMM CBA3aHO 3apOXXAE€HNE
pexpucramsanyy. HarmomyHas n3BecTHBI 3P QeKT «3yda TeKydecTy», CUIbHOE leOpMalMOHHOE YIIPOYHEeHUe CTaIn
¢ 60pOM II03BOJIAET IPaHUIIAM OCBOOOIMTBCA OT Cerperaliuii ¥ HadaTb PeKPMCTA/UIM3ALMIO IIPY OTHOCUTEIBHO MajIbIX
creneHax fedopmarym. COracHo IOTyYeHHBIM Pe3yIbTaTaM, BhICOKas CKOPOCTD AeopMaIiii caMa o ce6e He BbI3hIBaeT
paccMaTpyBaeMylo aHOMA/INIO; ee HeOOXOHVMMBIM YCIOBMEM TaKXKe SBJIACTCS JIeTMpOBaHUe CTamu 60poM. BblABieHHbIe
3aKOHOMEPHOCTH obmagaoT MIPaKTUYIECKON 3HAYMMOCTBIO IO CNIeAYIOIIMM OYEBUIHBIM IpM4YnHaM. Bo-nepBhIX, 6bICTpaH
AVMHaAMMYECKaA PEKPUCTAIM3AUNA YIydlIaeT IDIACTUYHOCTDb BbICOKOIIPOYHBIX crajnein npn ropﬂqeﬁ[ nedoopMam/m C
IIpefie/IbHO BBICOKMMM CKOPOCTSAMIU KaK, HallpJMep, IIpU KOBKe Ha MOJIOTaX. Bo-BTOpbIX, ofo6HasA 06paboTKa CylecTBEHHO
U3MeJIbyaeT 3epHa ayCTEHUTA 1, COOTBETCTBEHHO, IIPENOIIpee/AeT OIaroIpyATHYIO IpeBpallleHHYI0 CTPYKTYPY U BBICOKMIL
ypOBeHb (VHATbHBIX MEXaHIYECKUX CBOJICTB CTA/IM IIOCTIe 3aKa/IKIA.

KiioueBble c1oBa: aycTeHNUT, ropstdas fedopmarys, fUHaAMIYeCKas peKpUCTAIN3aLIs, 60p, CKOPOCTh feopMariL.
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1. Introduction

The alloying of steels by boron is widely applied because this
element suppresses the ferrite formation, and the resulting
overcooling provides the driving force of martensitic
transformation [1-5]. Such enhanced hardenability is ascribed
to boron segregations in narrow zones at austenite grain
boundaries [6-12] which presumably hinder rearrangements
of atoms required for the phase transformation [13,14]. A
specific influence of this element on the structure evolution of
steel is also important in hot deformation of its parent phase
[14-21]. Related effects particularly gain in significance in the
hot forming at very high strain rates as, for instance, in case of
hammering. However, to the authors’ knowledge, this issue still
does not attract a proper attention.

The present work has been motivated by our
previous results [22] indicating an abnormal temperature
dependence of the threshold strain that triggers the dynamic
recrystallization (DR) of austenite in a medium carbon steel
alloyed by boron and hot deformed at strain rates up to
100 s7'. Unlike the expected behavior, neither diminishing
temperature nor increasing strain rate resulted in the growth
of this characteristic. Thus, a question arises of whether such
peculiarities of DR are due to the extreme strain rate as such
or its combination with a specific effect of boron. To get an
answer, we compare hot deformation behaviors of the above-
mentioned steel containing 0.003 wt.% of boron and several
reference steels free of this element. The comparison is based
on their stress-strain diagrams at temperatures of 950 to
1150°C and strain rates of 0.1 to 100 s™'. To confirm signs of
abnormal DR found on such diagrams, respective austenite
structures will be revealed by the chemical etching.

Following the common practice [23 -25], the onset of DR
will be specified by characteristic strain e that corresponds
to a maximum (op) of the deforming stress. Unlike critical
strain e <e_ indicating the very appearance of DR embryos, e,
approximately proportional to e, [24] is much easier to derive
from the stress-strain diagram. Moreover, since this parameter
suggests a perceptible volume fraction of recrystallized grains,
it can be verified by metallography. In addition, characteristic
e, >e isalso used to indicate the start of hardening that follows
the pronounced softening by DR. Accordingly, e-e roughly
reflects a degree of DR on the strain scale. Such an expedient
may be applied even if ¢ is due to the stress stagnation
(plateau) rather than its distinct peak.

2. Materials and methods

Quantities of alloying elements in the investigated materials
are represented in Table 1. The first of them is austenitic
steel; according to [26], DR of similar materials above 850°C
mimics this phenomenon in austenite of low and medium

Table 1. Fractions of alloying elements (wt.%) in investigated steels.

carbon steels undergoing a phase transition in subsequent
cooling. The second material is low carbon steel, whereas the
third and fourth ones are medium carbon steels. The last of
them, recently developed for agricultural applications [22],
is alloyed by boron and displays abnormal properties as
considered in the present work.

To determine peak strains € indicating the onset of DR,
cylindrical specimens (10x15 mm) of these materials were
compressed at strain rates of 0.1 to 100 s™' at temperatures 950,
1050 and 1150°C by means of thermo-mechanical simulator
Gleeble-3800. To confirm DR peculiarities in B1500 derived
from stress-strain diagrams, austenite grain boundaries in
this steel have been revealed by etching in Marshall’s reagent
[27] at room temperature. Related structures have been
analyzed on optical microscope Zeiss Axio Vert 40MAT.

3. Results

At moderate strain rates which do not exceed 1 s both the
reference (boron-free) steels and B1500 display an expected
dependence of e on the deformation temperature. This is
illustrated by stress-strain diagrams at 1 s™' (Fig. 1) where
diminishing temperature leads to an increase of ¢ or
disappearance of the corresponding stress peak.

To reveal the effect of more rapid deformation, strain rates
from 0.1 to 100 s™* have been applied at a temperature of 1050°C,
intermediate between those considered above. As illustrated in
Fig. 2, the reference materials in this case display the expected
regular behavior, whereas stress peaks of steel B1500 remaining
distinct on the diagrams suddenly drift to lower strains when
increasing the strain rate from 1 to 100 s™'. At the same time,
in the range of 0.1 to 1 s™! this abnormal effect is not detected.
It is worth noting as well that B1500 demonstrates the stronger
work hardening before the DR onset.

To verify DR peculiarities of steel B1500, as indicated by
its deformation behavior at high strain rates, Fig. 3 represents
respective structures of hot deformed austenite revealed by
the chemical etching. According to them, the DR is completed
at 1 s7' and involves almost the whole material at extreme
strain rate of 100 s™!, whereas at 10 s™' the volume fraction
of recrystallized grains is relatively small. The considered
structures roughly comply with related magnitudes of e -e
that evaluates the DR range on the strain scale. Indeed, unlike
the minimum 0.15 at 10 s, this difference reaches about
0.40 and 0.60 at 1 and 100 s, respectively. However, a remark
should be made that an accurate determination of e on the
stress plateau in case of 1 s™' is somewhat complicated.

4. Concluding remarks

To find out and quantify physical factors responsible for an
abnormal dependence of DR threshold strain on the hot

Steel C Si Ni Mn Cu Cr Mo A% Nb B
316 0.08 0.6 10.05 1.5 - 15.5 2.0 - - -
S$420 0.06 0.2 0.75 1.4 0.16 0.09 0.08 0.016 0.026 -
30HGSA 0.34 1.2 0.3 0.8 0.3 1.1 - - - -
B1500 0.35 0.3 1.8 in total 0.75 in total 0.02 0.02 0.003
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Fig. 1. (Color online) Stress-strain diagrams at strain rate of 1 s™' and various temperatures for steels 316 (a), S420 (b), 30HGSA (c), B1500 (d).

-300+ ¢=100s"

0 T T T T T 0 T T T T T
00 -02 -04 -06 -08 -1.0 00 -02 -04 -06 -08 -1.0
e e
a b
-250+
-200+
o 150
o
= -100-
5
-50
O T T T T T 0 T T T T T
00 02 -04 -06 -08 -1.0 00 -02 -04 -06 -08 -1.0
e
e
d

c
Fig. 2. (Color online) Stress-strain diagrams at a temperature of 1050°C and various strain rates of steels 316 (a), S420 (b), 30HGSA (c),

B1500 (d).
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Fig. 3. Austenite structures of steel B1500 deformed at 1050°C with strain rates 1 (a), 10 (b) and 100 s! (c).

strain rate of steel B1500 is beyond the scope of the present
experimental study. At the same time, when keeping in mind
segregations of dissolved boron atoms at austenite grain
boundaries [3,4], a related qualitative explanation deserves
discussion as follows.

According to the strong effect of this element on the
steel hardenability, the considered segregations stabilize
the crystal lattice of austenite and hence should also hinder
the formation of its DR embryos. Specifically, boron atoms
concentrated at grain boundaries reduce migratory mobility
of the latter and thus should decelerate their local bulging
that is an important mechanism of the DR nucleation [10].
However, intensification of the work hardening at higher
strain rates of the steel with boron (Fig. 2 d) results in a greater
driving force of recrystallization that may eventually free the
boundaries from the segregated atoms. The corresponding
reduction of e will in a sense resemble the known effect of a
sharp yield point due to atmospheres of interstitial atoms at
the lattice dislocations.

The obtained results indicate that the considered
phenomenon is not due to the ultimate strain rate as such
but results from its combination with the boron alloying.
The revealed regularities gain in significance for evident
reasons. First, they enhance ductility of high-strength steels
hot deformed with very high strain rates as, for instance, in
case of hammering. Second, such treatments notably refine
the austenite structure and, correspondingly, improve the
transformed structure and final mechanical properties after
steel quenching. As to further experimental investigations
of the considered phenomenon, it would be advisable to
compare steels whose chemical compositions are similar
except for the varied boron fraction.
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