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Abstract. Thermomechanical processing of steels is an advanced process for producing high-strength steels. Low-alloy
high-strength steel grades have a wide range of applications in the production of large-diameter pipes for transporting oil and
gas. The application of API grades like X70 steels in pipe rolling production has led to a reduction in metal consumption and
energy expenses for their production. Warm rolling or controlled rolling is one of the advanced technological modes of steel
processing, which is described in this article. Therefore, it needs to be emphasized that high-strength low-alloy (HSLA) steels
have gained significant attention due to their superior mechanical properties and cost-effectiveness in various industrial appli-
cations. Thermomechanical processing (TMP) plays a crucial role in optimizing the microstructure and mechanical perfor-
mance of these steels. This paper explores the fundamental principles of TMP, including controlled rolling, accelerated cool-
ing, and precipitation strengthening. The impact of processing parameters on grain refinement, phase transformations, and
mechanical properties is discussed. Advances in TMP techniques, such as direct quenching and ultra-fast cooling, are also
highlighted. Understanding these processes enables the development of HSLA steels with enhanced strength, toughness, and
weldability. The paper also contains experimental part regarding to plane strain compression test results, which is modelling
thermomechanical processing of HSLA steels.
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1. Introduction

The rapid development of the oil and gas industry has led
to an increase in hydrocarbon consumption and, accordingly,
to the construction of main oil and gas pipelines. According-
ly, there was a need to produce large diameter pipes. The
development of steel grades from the X50 to X100 series has
led to a decrease in metal consumption and an increase in
strength characteristics.

High-strength low-alloy (HSLA) steels are a class of steel
designed to provide improved mechanical properties com-
pared to conventional carbon steels while maintaining cost
efficiency. These steels achieve their superior strength and
toughness through microalloying and TMP. The key to opti-
mizing HSLA steel properties lies in carefully controlling
deformation and thermal cycles during processing [1].

This paper provides an in-depth analysis of TMP, includ-
ing its effects on grain refinement, precipitation strengthen-
ing, and phase transformations. The latest advancements in
processing techniques are also discussed.

TMP combines mechanical deformation with controlled
thermal treatments to manipulate the microstructure of HSLA
steels. It includes grain refinement to enhance strength and
toughness, controlled phase transformations for microstructur-
al optimization and precipitation strengthening through micro-
alloy additions such as Nb, Ti, and V etc. [2-7].

TMP typically involves the following key stages [8]:
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1. Controlled rolling, where deformation is applied at
specific temperature ranges to control recrystallization and
grain size.

2. Accelerated cooling, when rapid cooling rates adjust phase
transformations, refining microstructure and enhancing strength.

3. Precipitation hardening, the controlled formation of fi-
ne precipitates to improve yield strength.

1.1 Effects of TMP on microstructure and properties

One of the primary benefits of TMP is its ability to refine
grain structure. Fine-grained microstructures enhance yield
strength, toughness, and resistance to brittle fracture. The
application of controlled rolling below the recrystallization
temperature suppresses grain growth, resulting in finer struc-
tures [8-10].

The microstructural evolution during TMP significantly
affects the final properties of HSLA steels. The key phase
transformations include ferrite formation at high tempera-
tures, improving ductility; bainitic or martensitic transfor-
mation in accelerated cooling, enhancing strength; retained
austenite stabilization for improved toughness.

Microalloyed HSLA steels contain Nb, Ti, or V, which
form fine precipitates during processing (Figures 1, 2). These
precipitates hinder dislocation movement, improving yield
strength without compromising ductility. The precise control
of precipitation kinetics is essential for achieving the desired
mechanical performance.
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Figure 1. Influence of microalloying elements on recrystalli-
zation stop temperature in steel 0.07C-0.225Si-1.40Mn [2]
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Figure 2. Effects of different strengthening mechanisms [2]

Grain refinement is a strengthening mechanism that pro-
vides the advantage of high strength combined with a low
impact transition temperature (ITT). Unlike other strengthen-
ing methods, grain refinement improves or maintains tough-
ness without compromising it.

In ferritic steels, grain refinement is typically achieved
through thermomechanical processing. This involves precise
control over austenite grain growth, which is suppressed
using microalloying elements such as titanium (Ti) and nio-
bium (Nb) during the reheating and rough rolling stages.
These elements form stable precipitates that pin the grain
boundaries of austenite, preventing excessive grain growth.

As a result, the austenite grains become pancaked-
flattened due to deformation — by the end of the rolling pro-
cess. Upon cooling, the transformation from austenite (y) to
ferrite (o) leads to the formation of fine ferrite grains, thereby
achieving the desired grain refinement.

Another key parameter associated with grain refinement is
the interfacial boundary area (Sy) of ferrite grains. It is neces-
sary to highlight that a higher S, resulting from austenite pre-
transformation, contributes significantly to ferrite grain re-
finement. For this reason, the steel is reheated above the aus-
tenite recrystallization temperature (Trxn) and then subjected
to rolling, promoting the formation of fine, equiaxed grains
compared to the basic coarser structure. Consequently, the
decrease in grain size leads to rise significantly of grain
boundary area, thereby enhancing the Sy value simultaneously.

1.2. Advanced thermomechanical processing techniques

Recent advancements in TMP have led to novel techniques
designed to further enhance HSLA steel properties. Some
notable developments include Direct quenching (DQ), rapid
quenching immediately after controlled rolling improves hard-
ness and strength; Ultra-fast cooling (UFC), extreme cooling
rates enhance the formation of bainitic and martensitic micro-
structures; Thermal-mechanical control processing (TMCP)
(Figure 3), an optimized combination of rolling and controlled
cooling enhances strength-toughness balance [3].
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Figure 3. Schematic diagram of controlled rolling [5]

A major difference between thermomechanical pro-
cessing (TMP) and conventional hot rolling (CHR) lies in the
reheating, rough rolling, and final rolling temperatures,
which are generally higher in CHR than in TMP. Moreover,
TMP employs a faster cooling rate following the finishing
rolling stage compared to CHR, contributing to significant
differences in microstructural evolution.

Further development in this field led to the improvements
of recrystallization-controlled rolling (RCR) — a variant of
CR. In RCR, both rough and finishing rolling passes are
carried out above the austenite recrystallization temperature
(Trxn), ensuring the formation of fine, equiaxed austenite
grains. During cooling, these transform into fine ferrite
grains, thereby enhancing the mechanical properties of the
final steel product.

The advent of controlled rolling (CR) marked a pivotal de-
velopment in steel processing, with its primary objective being
the precise control of microstructure evolution during defor-
mation. This is achieved by conducting rolling operations
within the non-recrystallized austenite region, which promotes
the formation of refined ferrite grains upon transformation.

1.3. Applications of thermomechanical processed HSLA
steels

HSLA steel processed via TMP are widely used in indus-
tries requiring high strength and toughness, including light-
weight components with high crash resistance in automotive
industry, structural beams and bridges with superior load-
bearing capacity in construction; high-strength, weldable
steels for oil and gas transportation in pipeline industry;
tough and corrosion-resistant materials for marine environ-
ments in shipbuilding. In automotive industry in terms of
weight reduction enables lighter vehicle designs while main-
taining safety and performance, in shipbuilding considering
weight saving TMP improves fuel efficiency without com-
promising structural integrity.

2. Materials and methods

2.1. Sample preparation and characterization procedure

Experimental samples (60x30x10 mm) are machined and
prepared in form of rolled plates of steel grade S460, similar
to X70 [11-13]. The composition of the steel is shown in
Table 1. Evaluated region of samples is rolling-transverse
direction. Therefore, deformed samples were cut along in
longitudinal direction and the cross section of transverse
direction was assessed for microstructural analysis. Then
samples were mounted, grounded manually, polished down
to 1um and etched in 2% nital for 20 sec. The samples di-
mensions are schematically shown in Figure 4.
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Table 1. Chemical composition for plate steel S460

Alloying element %

C 0.13
Si 0.49
Mn 1.49
Ni 0.019
Cu 0.012
Cr 0.061
Mo 0.002
\% 0.071
Nb 0.035
Ti 0.003
Al 0.039
- 60 _ 10,
. | ‘
b q ‘ 8
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Figure 4. Experimental sample dimensions [4]

2.2. Plain strain compression test

Samples were deformed at four temperatures: 800°C,
750°C, 725°C and 700°C. Chosen temperatures considered
as intercritical region on FesC diagram and employed as
finishing rolling temperature range for thermomechanical
processing. Tools of deformation is shown in Figure 5.

Figure 5. Deformation tool for plane strain compression test [5]

PSC test started with heating of the sample at a rate of
13°C/s up to 1050°C in two minutes. Then the sample was
cooled down to the temperature of intercritical region and held
up to 250 seconds. Then samples were deformed at ¢ = 0.3 and
further subjected to accelerated cooling (10°C/s) down to room
temperature. In Figure 6 PSC test is shown schematically.

2.3. Metallographic analysis

Samples were observed on a light microscope with mag-
nification of 50x and 100x. Each of the micrographs taken
was assessed by quantitative method to carry out the metal-
lographic analysis to define ferrite grain size [13].

11

i

Heating temperature
050°C ~

Cooling rate

0°C's
(am) | s Deformation

=03

Deformation
temperature
SO0PC,

750°C

7

Cooling rate

C/s

250

80 120

Time, s

Figure 6. Schematic diagram of PSC test

2.4. Measurement of hardness

Measurement of the hardness of deformed and non-
deformed regions of the samples, the Vickers hardness test
was employed [14-15]. A measured hardness data is shown
in Table 1.

3. Results and discussion

3.1. Modelling of flow stress

The flow stress of samples was measured according to
the good practice guideline [5]. The flow stress curves are
shown in Figure 7. The maximum stress value (o = 310 MPa)
was indicated at 700°C, whereas the minimum stress value
(0 =255 MPa) was at 750°C. The deformation at 800°C
shows stress value equal to 264 MPa.
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Figure 7. Equivalent stress vs. equivalent strain curve at dif-
ferent deformation temperature range

The flow stress curves of four samples show different
yield points. The maximum value was observed at 700°C
(o =230 MPa), whereas the minimum value was at 800°C
(o =130 MPa). Nevertheless, the yield point of the deformed
specimen at 750°C was higher than that at 725°C, measuring
160 MPa and 155 MPa, respectively.

Static recovery is the primary mechanism and can be ap-
plicable in explaining all the observed flow stress curves.
The initial rise in stress during work hardening persists until
it reaches a stable level, where the increased dislocation
density is counterbalanced by dynamic recovery (Figure 7).
This is evident in the steady-state strain, which is followed
by a constant flow curve. Such mechanism is usual for met-
als having high staking fault energy [16].
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3.2. Microstructural analysis both regions (Table 2). The grain size of ferrite in Figure 8(b)
In the Figure 8(a) the grain size of ferrite in the deformed ~ Of deformed zone is decreased to 38% and the volume frac-

zone is nearly half that of the undeformed zone, while the  tion is raised approximately to 10% comparing to unde-
volume fraction of ferrite remains approximately the same in ~ formed zone.

Temperature, Undeformed zone Deformed zone

RO~
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Figure 8. Microstructure of undeformed (left) and deformed (right) zones of the sample at deformation temperature
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Table 2. Results of quantitative analysis of micrographs

Grain size,
L=(to.gs, n1)-S(L), pm

Volume fraction of ferrite,
Vv, CVO

No. of a sample and
deformation tem-

perature Deformed Undeformed Deformed = Undeformed
Sample 1 (800°C) 3.5+0.16 6.2+0.25 | 56.1+£3.045 51.7+2.44
Sample 2 (750°C) 7.1+£0.37 = 11.4+0.52 = 62.6+2.77 | 57.5£3.31
Sample 3 (725°C) 8.7+0.35 = 10.4+0.36 = 66.3+2.30 = 60.7+3.71
Sample 4 (700°C) 8.7+0.41 9.5+0.41 66.2+2.61 = 60.6+3.20

The deformation at 725°C shows flattened grains accord-
ing to the microstructure in Figure 8(c). Nevertheless, the
ferrite grain refinement as well as the volume fraction has no
significance. There are some coarse ferrite grains in de-
formed zone after treatment at 700°C Figure 8(d). The ferrite
grain refinement and the ferrite volume fraction of unde-
formed and deformed zones are insignificant according to
Table 2.

The deformation at 800°C indicates a tremendous ferrite
grain refinement compared to other deformation tempera-
tures. As is shown in Table 2, the difference between the
ferrite grain sizes deformed at 800°C (~3.5 um) approxi-
mately three times less than at 700°C (~8.7 pum).

Typical characteristic of all microstructures in the unde-
formed zones is the presence of distinct ferrite grains with
austenite islands, whereas the distribution of the two phases
in the deformed zones follows a different pattern. Therefore,
the microstructure of deformed zone at 800°C consists of
refined ferrite grains along with fine residual austenite. Nev-
ertheless, defamation at 750°C microstructure of the ferrite
grains is elongated flattened shaped along the grain bounda-
ries of the austenite-ferrite interface. Microstructure of de-
formed samples at 725°C and 700°C shows elongated ferrite
grains with residual austenite in deformed zones.

The volume fraction of ferrite in the assessed microstruc-
tures ranges from 56.1% to 66.2% in the deformed zones and
from 51.7% to 60.6% in the undeformed zones (Table 2).
Generally, the difference in volume fraction between de-
formed and undeformed zones among all samples is approx-
imately 5%. Nonetheless, theoretical calculation of ferrite
and austenite volume fractions indicate that this difference
changes depending on the deformation temperature. As
shown in Table 2, the ferrite volume fraction at 800°C is
around 65%, whereas at 725°C, it increases to 82%. These
values are derived from the Fe-C phase diagram, which does
not account for alloying elements. Alloying elements such as
Mn, Co, and Ni influence phase transformation temperatures
like Ari, suggesting that the ferrite volume fraction in the
studied HSLA steel may deviate from theoretical predictions.
Furthermore, the theoretical calculation of ferrite volume
fraction does not consider the impact of deformation at spe-
cific temperatures.

3.3. Hardness

As shown in Table 3, the highest hardness (502.1 HV)
was recorded in Sample 3 at 725°C, while the lowest hard-
ness (332.7 HV) was observed in the deformed Sample 1 at
800°C. Notably, the hard difference between the deformed
and undeformed zones of Sample 1 is minimal, measuring
approximately 330 HV in both zones. However, in Samples 3
and 4, this difference is substantial, exceeding 40%. The
significant increase in hardness following deformation at
700°C and 725°C can be attributed to the characteristics of
the flow stress curves.
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Table 3. Hardness of deformed and undeformed zones of the
samples

Hardness by Vickers, HV

Number of Sample 1 | Sample 2 Sample 3 Sample 4
measurements
Deformed zone
1 352 407 452 532
2 330 378 434 474
3 321 389 507 438
4 348 389 612 413
5 313 401 506 482
Average 332.7 392.8 502.1 467.8
Undeformed zone

1 304 254 339 245
2 329 297 313 245
3 329 329 317 259
4 348 276 269 290
5 329 283 239 259
Average 327.8 287.8 295.4 259.6

3.4. Summary of thermomechanical processing aspects

Thermomechanical processing is a critical technology for
optimizing the properties of HSLA steels. By refining grain
size, controlling phase transformations, and enhancing pre-
cipitation strengthening, TMP enables the production of
steels with superior mechanical performance. Advances in
TMP techniques continue to improve the efficiency and
applicability of HSLA steels across various industries. Fur-
ther research into innovative processing methods will pave
the way for next-generation high-performance steels.

There was much research fulfilled corresponding to
thermomechanical processing of HSLA steels. Plenty of
success in this field was achieved by the University of Shef-
field. It was found proper cooling rate and intercritical strain
during processing to improve steel production performance
and mechanical properties of HSLA steels [16, 17]. As it is
mentioned in [15], implementing intermediate forced cooling
(IFC) shortens the inter-pass holding time, which is a major
drawback compared to conventional rolling process [16].
Nevertheless, applying this method in an industrial setting is
considered challenging. Therefore, the research was conduct-
ed using a plane strain compression test, followed by model-
ing with the finite element method. The key distinction be-
tween this research and the present study is that the former
examines the impact of IFC on mill productivity, whereas the
current work focuses on microstructural evolution during
intercritical processing.

4. Conclusions

To summarize this research, it needs to be emphasized
that considerable grain refinement of the ferrite was observed
during the deformation at 800 °C, with an average grain Size
of 3.6 um. High ferrite volume fraction was assessed for
sample 3 at 725°C and obtained 66.3%. The difference be-
tween theoretical and actual volume fractions can be ex-
plained by influence of alloying elements (Mn, Co and Ni).
The highest value of macro hardness was observed in Sample
3 at 725°C (502.2 HV). Thus, hardness increases significant-
ly just above the temperature of Ars.

The modelling of flow stress curves shows remarkable
increase in stress at intercritical temperatures, influenced by
initial work hardening followed by dynamic recovery. There-
fore, during intrcritical processing dynamic recrystallization
process is not preferred. Deformation in intercritical regions
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is beneficial for the ferrite grain refinement to obtain ul-
trafine ferrite grains. Corresponding results suggest warm
deformation at 800°C to achive required grain refinement,
whereas benefits in hardness can be obtained at 725°C.
Therefore, indicated temperatures need to be considered
critical during thermomechanical processing.
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HSLA 0oaTTapblH TEPMOMEXaHUKAJBIK OH/IEY: HIOJLY
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AnpaTna. bonarrapabl TepMOMEXaHUKAIBIK OHJICY — KOFapbl Oepik OojaTTapabl amyablH KETiInipinreH nporeci. Temen
JIeTUpIIeHIeH OepiKTiri )oFapsl 00JaT MapKagapbl MyHail MEH ra3ibl TaChIMajlayFa apHAFAaH YJIKeH TUaMeTpili KyObIpiapabl
OHJIIpy/le KeH ayKbIMJIbI KomanyFa ue. Kyosip unemaey enmipiciaae X70 Mapkaisl 0oaaTTapabl KOJJaHy METaIIbI TYTBIHYIbI
JKOHE OJIapBl OHIIpYyTe apHaIFaH YHEPTUs IIBIFBIHAAPHIH a3aiiTyra okenmi. JKeutel mireMaey HeMece OakbpIIaHATBIH WIIEMICY
OCBI MaKaJlaJia CUMaTTajFral 0oJaT OHIEY IIH 03bIK TEXHOJIOTHUIBIK PEXXUMIEPIHIH Oipi 60bIm Tabbu1anbl. COHIBIKTaH, TOMEH
nerupyieHren Oepiktiri sxorapel (HSLA) Oosarrap >KOFapbl MEXaHUKAIIBIK KacHETTEpiHE JKOHE OPTYPJi OHEPKAICINTIK
KoJiaHOaapaa YHeM/IUIirine OalnaHbICThl alTapibIKTail Ha3zap aylapraHblH aTall ©TKeH JKOH. TepMOMEXaHUKAIBIK OHAEY
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(TMO) ocsl GoaaTTapIslH MUKPOKYPBUIBIMBIH JKOHE MEXaHUKAJIBIK OHIMIUIIIIH OHTaWIaHABIPYAa IIENIYI PeIl aTKapaibl. by
JKYMBIC OaKBUIAHATHIH WIEMICYAl, KapKBIHIBI CANKBIHIATYIBI XKoHEe TyHOara TycyMeH OepikTeHmipyni xoca amranma, TMO
HETI3r1 MPUHIUOTEPIH 3epTTeiai. OHIey mapaMeTpliepiHiH JOHMAI ycakTayra, (ha3alblK ©3repiCTepre XOHE MEXaHUKAJIBIK
KacHeTTepre ocepi TalkbUIaHambl. Tikened IIBIHBIKTBIPY JKOHE YJIBTpPa KApKBIHIBI CAJIKBIHAATY CHSIKTHI TMO omictepiHiH
JKETICTIKTEpl A€ aranm eTiireH. byi mporectepai TYCiHy OEpiKTiri, KaTTBUIBIFBI KoHE Micipiny KaOinmeri »xoraper HSLA
OomarTapelH Jkacayra MyMKiHOik Oepexi. Conpaii-ak Makamaga HSLA 0OonaTTapblHBIH TEPMOMEXAHHUKAIBIK OHICYIH
MOJICJILICUTIH JKa3bIK e(OpPMANUIHBI 0ACy ChIHAFBI HOTIOKEJIEPIHE KATHICTHI TOXIpUOETiK OeiMi Oap.

Heezizei co30ep: HSLA 6orammapol, mepmomMexanukanivl oHoey, MUKDOKYPLIbIM, OAKbLIGHAMbBIH ULEMOeY, KAPKbIHObL
cankplnoamy, @azanvlk mypieHoipy, mynoaza mycymer 6epikmeHoipy.

Tepmomexanndeckas o0padorka crasneit HSLA: O030p

VY K. Kakumos”, A.A. Kaumosa
Satbayev University, Awvuamei, Kazaxcman
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Annoranusi. Tepmomexanuyeckass 00paboTka cTajell sBISeTCs MEepeOBBIM MPOLECCOM NPOU3BOJCTBA BBICOKOIPOYHBIX
craneil. HuskonerupoBaHHble BBHICOKOIPOYHBIE MapKd CTajd UMEIOT LIMPOKUH CIEKTP NPUMEHEHHUs B NPOU3BOJCTBE TPYO
0O0JIBIIOrO AMaMeTpa Uil TPaHCIOPTUPOBKK He(TH U raza. [IpumeHenue craneir mapku X70 B MpoOW3BOJCTBE TPyOOIpOKaTa
IIPUBEJIO K CHUKCHUIO pacxoia MeTajllla U SHEpro3arpaT Ha UX Ipou3BOACTBO. Telas NpokaTka WM KOHTPOJIUpyeMas Ipo-
KaTKa SBIISIETCS. OJTHUM U3 MEPEIOBBIX TEXHOJIOTHYECKHX METOIOB 00pabOTKHU CTalM, KOTOPBIH ONKCaH B AaHHOH craThe. [1o-
3TOMY HEOOXOIMMO MOTYEPKHYTh, YTO BBHICOKONIPOYHEIC HU3KONernpoBaHHble (HSLA) crany mpuBIIEKIN 3HAYHTEIEHOE BHU-
MaHHe Onarofapsi CBOMM INPEBOCXOJHBIM MEXaHHYECKHM CBOMCTBAM M SKOHOMHYECKON A((EKTHBHOCTH B PAa3IHUYHBIX IPO-
MBIIUICHHBIX MPUMeHeHsIX. TepmoMexanmdeckas oopadotka (TMO) urpaer pemaronyo pob B ONTHMHA3ANNH MUKPOCTPYK-
TYpbl U MEXaHUYECKUX XapaKTEPUCTUK 3TUX cTayneld. B naHHOM cTaThe paccMaTpuBaloTcs OCHOBHBIE NpuHUUIbEl TMO, BKIIIO-
Yasi KOHTPOJIHPYEMYIO MPOKATKY, YCKOPEHHOE OXJIaXKACHUE U AUCIICPCHOHHOE yrpouHeHue. OO0CyKIaeTcs BIUSHUE TTapaMeT-
pOB 00pabOTKH Ha M3METbUCHHUE 3epHA, (Pa30BhIC PEBPALICHUS U MEXaHUIECKHE CBOMCTBA. Takke OCBEUIAIOTCS JOCTIKECHUS
B TexHonoruax TMO, Takux Kak mpsiMasi 3aKkajka M CBepxObIcTpoe oxiaxkaeHue. [IoHHMMaHHMe 3THX MPOIECCOB MO3BONSET
paspabareiBaTh cTaii HSLA ¢ MOBBIIIIEHHON MPOYHOCTHIO, BA3KOCTHIO U CBAPUBAEMOCTBIO. B cTaThe Takke COAEPKHUTCS IKC-
MepUMEHTAIbHAs YacTh, KaCaloIascsl pe3ylbTaTOB MCIBITAHHHM Ha CXXaTHe MPH MJIOCKOH AedopManuy, KOTopas MOJETUpyeT
TEPMOMEXaHUIECKYI0 00paboTKy craneit HSLA.

Knioueevte cnosa: HSLA cmanu, mepmomexanuueckas obpabomxa, MUKpOCMPYKMYpd, KOHMPOIUPYEMAst NPOKAMKA,
YCKopeHHoe oxaaxcoenue, azosoe npespaujerue, OUCnepPCUOHHOe YRPOUHEHUE.
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