Deformation behaviour of two continuously cooled vanadium
microalloyed steels at liquid nitrogen temperature
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Abstract

The aim of this work was to establish the deformation behavior of two vanadium mic-
roalloyed medium carbon steels with different contents of carbon and titanium by tensile
testing at 77 K. Samples were reheated at 1250 °C for 30 min and continuously cooled in
still air. Beside acicular ferrite as the dominant morphology in both microstructures, the
steel with lower content of carbon and negligible amount of titanium contains consi-
derable fraction of grain boundary ferrite and pearlite. It was found that Ti-free steel
exhibits a higher strain hardening rate and significantly lower elongation at 77 K than the
fully acicular ferrite steel. The difference in tensile behavior at 77 K of the two steels has
been associated with the influence of the pearlite, together with higher dislocation density

of acicular ferrite.
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Traditional medium carbon forging steels achieve
their strength and toughness in additional separate
processes of quenching and tempering after forging [1—
—4]. In order to reduce production costs and avoid
usual problems associated with quenching, especially
long products, vanadium microalloyed forging steels
had been developed [5]. These steels achieve required
level of strength during air cooling directly from hot
forging temperature, due to V(C,N) precipitation in fer-
rite. However, the toughness of the air cooled steels is
lower, because coarsening of austenite grains at tem-
peratures used in conventional forgings produces coarse
ferrite-pearlite structure. Microalloying with titanium
provided austenite grain refinement by Zener pinning
effect of highly insoluble TiN particles [6,7]. Fine ferrite-
pearlite structures with improved toughness had been
achieved. On the other hand, coarse TiN particles,
usually larger than 1 um [1], act as fracture nucleation
sites and are detrimental to the toughness of the steel.

Further toughness improvement had been achieved
in medium carbon Ti—V microalloyed steels with aci-
cular ferrite structure [1-4]. Acicular ferrite, often con-
sidered as intragranulary nucleated bainite [8], consists
of fine interlocking plates with random crystalographic
orientation. It is assumed that acicular ferrite plate
boundaries effectively resist propagation of micro-
cracks nucleated at brittle particles [3,9]. However it
remains unclear whether it is grain size or particle size
that controls cleavage fracture.
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In order to examine the cleavage process itself in
microalloyed medium carbon steels with acicular ferrite
structure, and predict fracture behaviour, it is neces-
sary to have knowledge of deformation behaviour in
conditions close to nil ductility. Therefore, in the pre-
sent work, deformation behavior at liquid nitrogen
temperature of two medium carbon vanadium micro-
alloyed steels with different amount of carbon and
titanium was analyzed by means of tensile testing at
liquid nitrogen temperature.

EXPERIMENTAL PROCEDURE

Two commercial medium carbon V-microalloyed
steels with different content of carbon and titanium
received as hot-rolled rods were investigated. The che-
mical composition of the steels is given in Table 1,
where numbers in labels “A19” and “B22” indicate the
rod diameter in milimeters. In order to eliminate as-
received microstructure 200 mm long samples were
homogenized at 1250 °C for 4 h and quenched in oil. In
order to provide homogeneous solid solution, samples
were afterward reaustenized at 1250 °C for 30 min and
cooled in still air. In all heat treatments, argon was
used as a protective atmosphere.

In order to measure previous austenite grain size,
the following procedure was applied. After quenching
in water, samples were tempered at 450 °C for 24 h, in
order to allow phosphorous segregation on previous
austenite grain boundaries, and then slowly cooled in
still air to room temperature. Polished samples were
etched by a solution of 10 g of picric acid (CgH3N305), 50
ml of sodium alkylsulfonate and 1 ml of HCl in 100 ml of
distilled water. The solution was heated to 90 °C and
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Table 1. Chemical composition of the steels (wt.%)

Steel C Si Mn P S Cr

Ni Mo \ Ti Al Nb N

A19 0.256 0.416 1.451 0.0113 0.0112 0.201
B22 0.309 0485 1.531 0.0077 0.0101 0.265

0.149 0.023 0.099 0.002 0.038 0.002 0.0229
0.200 0.041 0.123 0.011 0.017 0.003 0.0228

the samples were immersed for 25 s. Grain size deter-
mination was done via standard linear intercept method.

The transverse metallographic specimens were
polished and etched in a 2% nital solution. Microstruc-
ture was examined using optical microscopy.

Cylindrical specimens of 5 mm diameter and 30 mm
gauge length were machined and tensile tested at
liquid nitrogen temperature at a cross-head velocity of

0.1 mm/min, giving an initial strain rate of 5.5-10 s .

RESULTS

Microstructure of steel A19 (0.256 wt.% C, 20 ppm
Ti) is characterized by dominant presence of acicular
ferrite, with some ferrite and pearlite along previous
austenite grain boundaries (Figure 1). Within the gene-
rally continuous layer of grain boundary ferrite, both

(b)

Figure 1. Microstructure of steel A19 (air-cooled from the
austenitization at 1250 <C for 30 min). GBI — grain boundary
idiomorph, GBA — grain boundary allotriomorph, P — pearlite,
AF — acicular ferrite, WSF — Widmanstdtten saw-teeth ferrite,
IWF — intragranular Widmanstdtten ferrite.
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polygonal idiomorphs and thin elongated allotrio-
morphs are present. A few examples of Widmanstatten
saw-teeth ferrite emanating from grain boundary fer-
rite allotriomorphs can also be seen. Fine interlocking
structure of acicular ferrite inside prior austenite grain
interiors is in many cases separated from the grain
boundary ferrites by pearlite. Some inragranullary nuc-
leated coarse plates could be recognized as Widman-
statten ferrite [4], although it is not always easy to
distinguish it from the acicular ferrite at optical micro-
scopy level.

Predominant morphology in the microstructure of
the steel B22 (0.309 wt.% C, 110 ppm Ti) is acicular
ferrite (Figure 2). As opposed to the steel Al19, the
structure of the steel B22 is almost free of pearlite and
the grain boundary ferrite layer is thinner and discon-

(b)
Figure 2. Microstructure of steel B22 (air-cooled from the
austenitization at 1250 °C for 30 min). GBI — grain boundary
idiomorph, GBA — grain boundary allotriomorph, P — pearlite,

AF — acicular ferrite, WSF — Widmanstdtten saw-teeth ferrite,
IWF — intragranular Widmanstdtten ferrite.
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tinuous. Widmanstatten ferrite sideplates nucleated at
the grain boundary directly at grain boundary allotrio-
morphs could be noticed too.

Previous austenite grain size (PAGS) is given in Table 2.

Table 2. Prior austenite grain size in tested steels

Austenitization,

Steel . PAGS, um
temperature/time

A19 1250 °C/30 min 100+ 10

B22 1250 °C/30 min 80+ 10

True stress-strain curves for the steels A19 and B22
tested at 77 K are shown in Figure 3. The steel B22
exhibits considerably higher elongation than the steel
A19, while the latter show higher level of strain hard-
ening. Instantaneous strain hardening rate as a func-
tion of true stress is given in Figure 4 and it demon-
strates again higher level of strain hardening for the

A19 steel. Stress-strain curves show gradual increase of
flow stress, i.e., there is no sharp yield point. Therefore,
offset yield strength was established.

Table 3 summarizes tensile properties at 77 K,
alongside with the values of yield stress to ultimate
tensile stress ratio. Steel B22 exhibit yield stress higher
by 123 MPa and ultimate tensile stress by 64 MPa than
for steel A19. Total elongation for steel B22 is also
higher (10.0 comparing to 5.0%), while steel A19 has a
somewhat higher strain hardening index.

DISCUSSION

Microstructure

As shown in Figures 1 and 2, the dominant micro-
structure in both steels is acicular ferrite, while diffe-
rence in pearlite content being the dominant diffe-
rence. Hardenability of steel B22 is higher than for steel
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Figure 3. Tensile true stress — true strain curves at 77 K.
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Figure 4. Strain hardening rates as a function of a true stress at 77 K.
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Table 3. Tensile properties of the steels tested at 77 K; Room temperature values for the steels with equivalent chemical composition
and the same termomechanical treatment is given for comparison

Steel o2/ MPa o,/ MPa e./% 0.2/ Om n Test temperature, K Ref.
Al9 775 1105 5.0 0.70 0.17 77 This work
B22 898 1169 10.0 0.77 0.16 77 This work
Ti-free 531 853 17.0 0.62 - 298 [10]
Ti-V 555 864 18.5 0.64 - 298 [10]

A19, since structure of the latter contains considerable
fraction of pearlite. In steel B22 pearlite reaction is for
the most part inhibited, even though samples were
cooled at still air (about 60 °C/min). Manganese is well
known to have the strongest retarding effect on
diffusional decomposition of austenite, for elements
present in both steels [11-13]. Since its content is prac-
tically equal in both steels, the higher hardenability in
steel B22 is attributed to higher carbon content. Diffe-
rences in other alloying element contents are not signi-
ficant either, except for the titanium. Titanium is added
for the purpose of austenite grain refinement and grain
size control [6,7]. Its influence on hardenability is indi-
rect, because grain boundaries are preferential nucle-
ation sites for ferrite and pearlite. Bainite also nucle-
ates intergranularly and larger grain sizes will slow
down the kinetics in favor of intragranular nucleation.
Furthermore, by increasing the grain size the proba-
bility of trapping inclusions/precipitates within auste-
nite grain is also enlarged [14,15]. At austenitization
temperature of 1250 °C, the measured austenite grain
size is 100 um for steel A19 and 80 um for steel B22.
Such large grain should enhance acicular ferrite for-
mation in detriment of bainite by increasing the ratio
between intragranular and grain boundary nucleation
sites. However, in the case of the steels studied here,
the effect of titanium on hardenability seems to be
negligible, considering modest prior austenite grain size
difference and that in both steels acicular ferrite intra-
granular nucleation predominated.

Temperatures for complete dissolution of VN and
VC and distribution of main alloying elements are sum-
marized in Table 4. It is assumed that total amount of Ti
is contained within TiN particles, which are insoluble at
reheating temperature of 1250 °C. Distribution of alloy-
ing elements was calculated assuming that on cooling
from austenitization temperature precipitation of VN
particles precedes VC precipitation and also taking into
account stochiometric ratios of Ti:N = 3.4 and V:N = 3.6.
Excess vanadium is available for VC precipitation or
solid solution strengthening. It is assumed that VC does

not precipitate separately from VN, but in fact as
V(C,N) [16]. Temperatures for complete dissolution of
VN and VC were calculated using equations for solu-
bility products [17]:

log[V][N] = -7840/Tyy + 3.02 (1)
log[V][C] =-9500/Tyc + 6.72 (2)

Vanadium-nitride particles are favorable sites for
nucleation of acicular ferrite [3,18,19]. Nitrogen avail-
able after TiN precipitation during solidification of the
steels is available for VN precipitation. The reheating
temperature of 1250 °C is above the temperature for
complete dissolution of VN and taking into account
similar values of vanadium content in both steels,
quantity of VN particles should not be significantly dif-
ferent. According to the balance of Ti, V and N content
(Table 4), all nitrogen is spent by precipitation of the
alloying elements and thus vanadium is in excess. It
was reported that vanadium solutes segregation render
prior austenite grain boundaries inactive for nucleation
of grain boundary ferrite [20], similarly to the well-
known effect of boron [21]. Baring in mind precipi-
tation of VC at lower temperatures than for VN, signi-
ficant amount of free vanadium solute in steel A19 is
not expected ([V]excess = 0.018 wt.%), as opposed to the
steel B22 where excess amount of vanadium is higher
([V]excess = 0.052 wt.%) and some vanadium in solid
solution could be expected. Nevertheless, it seems that
vanadium solutes in steel B22 did not affect the nuc-
leation of grain boundary ferrites and therefore its inf-
luence on hardenability is not conclusive.

Mechanical properties

Higher yield strength of the steel B22 is an under-
standable consequence of higher carbon content than
in steel A19. The observed gradual yielding, typical for
bainitic structures, is mainly due to higher density of
mobile dislocations [8]. Multiple phases in structure
with marked difference in strength can also contribute
gradual yielding, because only the softer phase would

Table 4. Temperatures for complete dissolution of VN and VC and distribution of V, Ti and N

Steel Tyw/°C Ty /°C [VI/wt% [Ti]l/ppm [N]/ppm [Nliw/ppm  [Vlinw/Wt%  [Vlexcess/ Wt.% [Nlyn/ppm
A19  1108.1 869.2 0.099 20 229 6 0.081 0.018 223
B22 11173 893.9 0.123 110 228 32 0.071 0.052 196
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deform until it attained the strength of the harder
phase [8]. The previously observed effect of yield
strength decrease with temperature in bainitic medium
carbon steels [22] is actually the effect of continuous-
yielding, characteristic for low temperature defor-
mation of these steels (see sketch in Figure 5). It is asc-
ribed to the presence of retained austenite in the struc-
ture [22]. Elsewhere authors believe that it is a con-
sequence of the higher mobile dislocation density in
bainite, or in this case acicular ferrite [8].

Stress

! Non-Traditional Bainitic Steels

/
—)-[ | 0.2% Offset

Strain

Figure 5. Schematic representatiom of the effect of test tem-
perature on yield point of medium carbon bainitic steels [22].

According to the Kocks-Mecking model the linear
part of the do/de-o curve (stage Il hardening) rep-
resents the rate of strain hardening decrease [23, 24].
The slope of the linear part of the curve for steel A19
indicates a faster strain hardening decrease than for
steel B22. Strain hardening rate at low temperatures is
basically resulting effect of two opposite processes:
suppression of cross-slip and vyield strength increase
[25]. In this work, it seems that the latter is attributed
to the presence of mobile dislocations in bainite. It is
established before that strain hardening rate of the
steel increases with increasing pearlite fraction in steel
[26]. With considerable pearlite fraction in the struc-
ture of steel A19, as opposed to the steel B22, the high
strain rate hardening at 77 K is understandable.

According to the classical view on the precipitation
hardening, V(C,N) particles precipitated in ferrite cohe-
rent or partially coherent with the matrix, possess the
highest effect [27], particularly on yield strength [25].
Therefore, it is expected that VN precipitates affect
predominantly the strength of steel A19, since it incur-

porates considerable fraction of ferrite, including both
grain boundary ferrite and pearlitic ferrite. On the
other hand, in steel B22 where volume fraction of pro-
eutectoid ferrite is lower and the amount of pearlite is
almost negligible, hardening contribution of the VN
particles should be neglected. The high strain harden-
ing rate of steel A19 and low vyield strength compared
to B22 seem to disprove this point of view, especially
taking into account the notable increase in difference
of yield strengths between the two steels at room and
at liquid nitrogen temperature (from less than 50 MPa
to 120 MPa, Table 3).

There is also an opinion based on thermodynamic
calculations that V(C,N) precipitation in austenite re-
gion at high temperatures, as in bainite or acicular fer-
rite at low temperatures is sluggish and that only inter-
phase precipitation during transformation of austenite
to ferrite produce particle dispersion capable for signi-
ficant strengthening effect [16]. More recent findings
imply that V(C,N) particles are incoherent even in fer-
rite [28,29] and that their strengthening contribution is
primarily through Orowan-Ashby mechanism of dislo-
cations bypassing the particles [30]. A possibility for
this mechanism of strain hardening rate increase
observed in steel A19 should be taken into consider-
ation. The observed incoherency leads also to the con-
clusion that V(C,N) particles precipitated in austenite
also could contribute to the strengthening of the steel
[31, 32]. Given the similar conditions for precipitation
in both steels (same reheating temperature, similar
cooling rate, approximate Tyy) it doesn’t seem that VN
particles, presumably precipitated in austenite and thus
randomly distributed in overall structure, have an
observable influence on strengthening.

Despite the higher level of strain hardening rate,
and therefore higher value of strain hardening expo-
nent, n, total elongation for steel A19 is low compared
to steel B22. Failure of the tensile specimen at the 77K
is far beyond tensile instability condition, which is a
consequence of the incapacity of the material for
further hardening. It is well known that pearlite has a
detrimental effect on ductility of the steel, as it brings
increased strain hardening rate in combination with
numerous potential sites for crack nucleation at fer-
rite/cementite interfaces [11]. Steep increase of stress
in these conditions can give rise to processes of micro-
cracks nucleation whether on cementite lamelaes or at
second phase particles. When stress reaches a critical
value for fracture, cleavage ensues.

Noticeable differences in yield strength increase
when deformation temperature changes from room to
liquid nitrogen temperature (47% increase for A19 and
62% for B22, Table 3), cannot be associated only with
increased Peierls-Nabarro stress, stress needed for dis-
location movement or solid solution strengthening con-
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tribution. It is believed that grain refinement and dislo-
cation density are the most effective in strengthening
of acicular ferrite or bainitic steels [8,30]. Based on this
view and with earlier considerations in mind, it can be
assumed that the fine-grained structure of AF alongside
with increased dislocation density has more pro-
nounced effect at liquid nitrogen temperature.

The beneficial effect of acicular ferrite on ductility is
well documented. Beside benefit of grain refinement at
low temperatures, ferrite laths of random spatial ori-
entation force cleavage crack to deflect, spending a
considerable part of the energy input [1,2,33]. In
classical quenched and tempered medium carbon steels
with ferrite-pearlite structure, preferential cleavage
nucleation sites are cementinte lamelaes or coarse TiN
particles [9]. Giving that steel A19 has a negligible
amount of titanium, coarse TiN particles are not
expected. Volume fraction of the MnS particles should
not be any different in the two steels investigated, as it
is already concluded in the case of V(C,N) particles. This
leads to conclusion that the main reason for the
observed difference in total elongation is probably the
presence of pearlite in the structure of steel Al19, as
opposed to the structure of B22 with acicular ferrite as
the predominant constituent.

CONCLUSION

The dominant morphology of the two steels exa-
mined after continuous cooling in still air from the
austenitization temperature of 1250 °C is acicular fer-
rite. A considerable fraction of pealite in the micro-
structure of the V-microalloyed steel A19, as opposed
to the almost pearlite free microstructure of the steel
Ti-V-microalloyed steel B22, is attributed to the diffe-
rent content of carbon.

The notable differences in deformation behavior of
the steels investigated cannot be related just to the
different content of carbon and titanium. The high
strain hardening rate of steel A19 is attributed to the
presence of pearlite in the structure and is concerned
to be the main reason for lower tensile ductility. The
marked increase of yield strength of steel B22 along-
side with higher total elongation than of steel A19 at
liquid nitrogen temperature indicates the influence of
smaller grain size and high dislocation density of
acicular ferrite.
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n3soa

AEPOPMALIMOHO NOHALWIAHKE ABA KOHTUHYUPAHO XNNIABEHA BAHAAUIYM MUKPOJIETUPAHA YEJZTUKA HA
TEMMNEPATYPU TEYHOI A30TA

Oparomup M. Tanwuh, Abdunnaser H. Fadel, HeHag, A. Pagosuh, hophe B. [ipobrak, Munopag M. 3punuh
YHusep3zumem y beo2pady, TexHonAoWKo—mMemanypukxu ¢pakyamem, beoepao

(Hayunu pag)

Yenuum mukponerMpaHn BaHaZMjymom U TUTaHOM pasBujaHK Cy ca LM/bem fa KroyuHe pequ: Cpeppbe YI/beHUYHU Ye-
3amMeHe Ka/beHe W OTNywTeHe Cpeftbeyr/beHuyHe uyenuke. Mako ose yesnvke AULKM e BaHaaujym MUKpOAervpaHu ue-
KapakTepuwe aobpa kombuHaumja uBpcTohe 1 XMUNaBOCTH, C Apyre CTpaHe 3axTe- amum e AuukynapHu deput e Temne-
Bajy HakHagHy TepmuuKy obpagy, Koja 3HayajHo nosehaBa TpolwkKoBe npowus- paTypa TeuHor a3oTa e bp3uHa gedopma-
BoAe. TexHonoruja pobujarba KOHTUHYMpaHo xnaheHux Yenuka Tpeba ga obes- LMOHOT OjavyaBatba

6ean MUKPOCTPYKTYPY 3axTeBaHUX ocobuHa nocne xnahewa Ha Basayxy. U3 Tor
passiora je OBUM YenUMMa NPOMEHEH cacTas, a A4obpe ocobuHe ce obesbehyjy
NPUCYCTBOM aLMKynapHor ¢deputa. AunKynapHu GepuT KapakTepuLle HyKnealmja
YHYTap MNpPeTXoAHOr ayCTEeHUTHOr 3pHa M BE/IMKa pas/iMKa Yy Kpuctanorpadckoj
OopujeHTauMju NojeauHUX 3pHa, 04HOCHO depuTHMX naounua. OBa ucnpenneTaHa
CTPYKTYpa 06e3behyje noBehaH oTNoOp KpeTakby NPCKOTUHE M KMUNABOCT KOja je Ha
HUBOY XWABOCTU KOA, TPAAULMOHANHUX Ka/beHUX M OTNYLWTAHWUX Yenuka. Y pagy
CYy UCNUTUBAHA AiBa KOHTUHYMpPaHO xnaheHa MUKpoermpaHa Yenunka ca 404aTKOM
BaHaaujyma. CTpyKTypa 4Yenuka 6e3 TMTaHa M ca MarbMM CagpiKajem yr/beHuKa
(“A19”) cacToju ce og, KOHTUHYMpPAHE MpeXe NpoeyTekTongHor depuTa y3 Koju ce
M34BOjUO NEpPNUT, 338 KOjUM cnegu auukynapHu ¢beput M3aBOjeH yHyTap HeKa-
Jallkber aycTeHUTHOr 3pHa. CTPYKTypa YennKa ca TUTaHOM M Behum cagpikajem
yr/beHuka (“B22“) cactoju ce roToBo y MOTMYHOCTM Of auMKynapHor ¢epurta.
OedopmaumoHo noHaware Ha 77 K UCNUTMBAHO je jeAHOOCHUM 3aTe3arbeMm.
YKYyMNHO U3ayKerbe y3opaka yenuka B22 3HaTHO je Behe Hero Koa Yenvka A19 (10
y ogHocy Ha 5%). Yenuk B22 Takohe noceayje sehy rpaHuuy Tedera M 3aTesHy
yBpcTohy, WTO je pasym/buBo ¢ 063MpoM Ha Behu caapiKaj yr/beHuKa. 3HayajHa
pas/snKa y AYKTUAHOCTU Ha TemnepaTypu TEYHOr a3oTa Yy BE3W je ca MpUCYCTBOM
nepavta Kog 4yenuka Al9, y o4HOCY Ha CTPYKTYpYy auuMKynapHor deputa Kop,
Yenuka B22. bp3auHa gedopmaumoHor ojayaBarba ce nosehaBa ca noseharbem
yAena nepavta y CTPYKTypu, yume gedopmaupja noctaje oTexaHa, AOK WUCTO-
BPEMEHO KOHKYPEHTHW MpoLec HacTajaka MUKPOMPCKOTMHA Ha KPTUM LieMeH-
TUTHUM NlaMefiama WAW YecTULama CekyHZapHux ¢asa, 6p3o foBOAM OO0 KpTor
noma Ha 77 K. C gpyre cTpaHe, aumkynapHu ¢epuT KapakTepuwe nosehaHa
rycTMHa AMCNOKaLMja, WTO ce maHubecTyje cmarberbem bp3nHe aedpopmaumoHor
OjayaBarba, a TMMe M nosehaHMm KanauuteTom aedopMaLMOHOr OjayaBakba U
Behum n3gyerem Koz vyennka B22.
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