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The aim of the study was to determine the properties and microstructure of the high-temperature heat affected zone (HAZ) of
S700MC steel heated to a temperature of 1250 °C and cooled at different speeds. The simulation of the thermal cycles was
performed using a welding thermal cycles simulator. Samples with a cross-section 10 mm × 10 mm × 55 mm were submitted to
metallographic analysis, impact tests, hardness measurements and tensile tests. Welding thermal cycles with cooling times t8/5 =
(3, 5, 10, 15, 30, 60 and 120) s and a maximum temperature cycle temperature of Tmax = 1250 °C were used. The welding
thermal thermomechanical processing cycles differ significantly, especially with high rates of heating and cooling in the SWC,
short time holding at the maximum temperature and frequent overlap of two or more cycles during the multi-layer welding. One
of the elements in the evaluation of steel weldability is the analysis of the austenite phase transformation during cooling. Steel
hardness tests on simulated HAZ regions cooling times increasing from 3 s to 120 s, showed reductions by approximately 40
HV, while, regardless of the length of the cooling time t8/5, the impact resistance was very low, at the level of a few J/cm2. The
tensile strength, hardness and toughness indicates a secondary role of austenite in the control of welded joints transformation
strength and plastic properties, the analysis of the �-� phase transition not shown to be a reliable basis for assessment of the
weldability of this steel group.
Keywords: TMCP steel, welding thermal cycles, HAZ, high yield strength, impact resistance

Namen {tudije je bil dolo~iti lastnosti in mikrostrukturo visokotemperaturne toplotno vplivanega obmo~ja zvara (HAZ) v jeklu
S700MC, segretem na temperaturo 1250 °C in ohlajenem pri razli~nih hitrostih. Simulacija procesa toplotnih ciklov je bila
izvedena z uporabo simulatorja toplotnih ciklov pri varjenju. Vzorci s presekom 10 mm × 10 mm × 55 mm so bili metalografsko
pregledani, izveden je bil udarni preizkus, izmerjena je bila trdota in izvedeni so bili natezni preizkusi. Uporabljeni so bili
toplotni cikli pri varjenju s ~asi ohlajanja t8/5 = (3, 5, 10, 15, 30, 60 in 120) s in maksimalna temperatura toplotnega cikla je bila
Tmax = 1250 °C. Pri varjenju se cikli varilno termi~nega in termomehanskega procesiranja precej razlikujejo, predvsem pri veliki
hitrosti ogrevanja in ohlajanja v SWC, kratkotrajnem zadr`anju na maksimalni temperaturi in pogostem prekrivanju enega ali
ve~ ciklov pri ve~plastnih zvarih. Eden od elementov pri ocenjevanju varivosti jekla, je analiza premene avstenita med
ohlajanjem. Pri preizkusih trdote simuliranih HAZ podro~ij, se le ta, s pove~anjem ~asa ohlajanja od 3 s na 120 s, zmanj{a za
okrog 40 HV, medtem ko je `ilavost zelo nizka in na nivoju nekaj J/cm2 ne glede na ~as ohlajanja t8/5. Natezna trdnost, trdota in
`ilavost ka`ejo drugotno vlogo pri kontroli trdnosti in plasti~nosti transformiranega avstenita zvarjenih spojev. Analiza faznega
prehoda �-� ni zanesljiva osnova za ugotavljanje varljivosti te vrste jekla.
Klju~ne besede: TMCP jeklo, toplotni cikel pri varjenju, HAZ, visoka meja plasti~nosti, odpornost na udarce

1 INTRODUCTION

Steels produced using thermomechanical treatment
are characterised by a lower carbon equivalent than
steels of the same yield point treated to normalisation
annealing.1 Also for yield points above 550 MPa, steels
subjected to thermomechanical rolling with accelerated
cooling and tempering are characterised by a lower
carbon equivalent than toughened steels.2–5 Due to the
significantly lower carbon equivalent, thermomechani-
caly treated steels should have significantly better weld-
ability in comparison to normalised or toughened steels
of a similar yield point. The alloying microagents of
S700MC steel, i.e. niobium, vanadium and titanium are
strongly carbide and nitride-forming. If dissolved in the
HAZ, they increase HAZ hardenability and steel hard-

ness after cooling. This phenomenon is considered dis-
advantageous. However, on the other hand, carbides and
carbonitride precipitates of Nb, V, and Ti effectively
impede grain growth and significantly restrict the width
of the coarse-grained area of the HAZ.6–8 The HAZ duc-
tility is significantly improved by Ti2O3 particles, which
are more stable than TiN particles and insoluble even at
higher temperatures and act as nucleii by the nucleation
of fine-lamellar ferrite.9–11 Fine-lamellar ferrite within
austenite grains increases the HAZ ductility. The HAZ
microstructure of a multi-run welded joint depends on
the chemical composition of the steel, heat source inten-
sity and the number of runs. Both cooling rate and heat
input significantly affect the HAZ weld microstructure.
By cooling welds of thermomechanically treated steels,
niobium, vanadium and titanium precipitate as carbides
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and carbonitrides. During cooling, these microagents
precipitate in the form of carbides and carbonitrides. The
amount of precipitates depends on the cooling rate. The
faster the cooling, the more microagents remain in solu-
tion. A similar situation is observed in the Heat Affected
Zone. The amount of microelements in solution signifi-
cantly affects phase transformation during cooling and
changes the properties after subsequent heat treatments.12

This increases the content of microstructural components
formed by diffusionless and indirect (bainitic) transfor-
mations. Such microstructures are the primary reason for
decreased toughness, particularly in wide HAZ. This
effect is even greater in welding with high linear energy
and prolonged cooling times t8/5. In the case of high cool-
ing rates, a typical HAZ structure in thermomechanically
processes steels contains lower bainite characterised by
satisfactory brittle cracking resistance. A high welding
heat input extends the HAZ, holds it at high temperatures
and reduces the cooling rate, leading to austenite grain
growth and, consequently, particularly near the fusion
line, the formation of a microstructure characterised by
lower plastic properties. In such case, the HAZ structure
is dominated by upper bainite as well as by delta and
side-lamellar ferrite.13,14

2 EXPERIMENTAL PROCEDURE

HAZ areas simulated in S700 MC steel (Table 1 and
Figure 1) heated up to 1250 °C and cooled at various
rates, were used for testing. The thermal cycles were per-
formed with a welding thermal cycle simulator on
specimens with a cross-section of 10 mm × 10 mm × 55
mm. The specimens were then used for metallographic
examination, impact strength tests, hardness measure-
ments and tensile tests.

Table 1: The chemical composition of S700 MC steel
Tabela 1: Resni~na kemijska sestava jekla S700 MC

Chemical composition, %
C Mn Si S P Al Nb Ti V N* Ce

0,056 1,68 0,16 0,005 0,01 0,0270,044 0,12 0,006 72 0,33

* - N: the amount given in ppm, the nitrogen was measured using the
high temperature extraction method

The specimens were submitted to welding thermal
cycles and cooling times t8/5 = (3, 5, 10, 15, 30, 60 and
120) s, with the thermal cycle maximum temperature
Tmax = 1250 °C. The thermal cycle maximum tempera-
ture was read from a diagram recorded by means of a
PC. In Table 2 (pre-set and measured) parameters of test
steel thermal cycles are presented.

After the simulation, the specimens were submitted
in accordance with the standard PN-EN ISO 9015-1 to
Charpy V impact tests using a ZWICK/ROELL RKP 450
at a temperature of –30 °C, to metallographic examina-
tion on a NIKON ECLIPSE MA100 light microscope,
and to Vickers hardness tests with a 9.81 N (HV1) load
using a WILSON WOLPERT MICRO-VICKERS

401MVD hardness tester. Each specimen underwent 7
measurements, the two extreme values (minimum and
maximum) rejected and the remaining five values ave-
raged. The mechanical and plastic properties of round
specimens were determined according to PN-EN
10002-1, using the MTS Insight testing machine.

Table 2: Input parameters and simulated thermal cycles of S700MC
steel
Tabela 2: Vhodni parametri in simulirani toplotni cikli pri jeklu
S700MC

No. Types of
cycles

Maximum temperature of
cycles Tmax, °C

Set Real
1

3
1250 1223

2 1250 1215
3 1250 1247
4

5
1250 1231

5 1250 1234
6 1250 1217
7

10
1250 1250

8 1250 1246
9 1250 1243

10
15

1250 1257
11 1250 1262
12 1250 1255
13

30
1250 1254

14 1250 1261
15 1250 1255
16

60
1250 1262

17 1250 1258
18 1250 1265
19

120
1250 1253

20 1250 1264
21 1250 1246

3 RESULTS AND DISCUSSION

Previous tests of simulated HAZ areas heated to
various maximum temperatures revealed that the HAZ
were characterised by mechanical and plastic properties
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Figure 1: Microstructure of bainitic-ferritic steel S700MC with visi-
ble traces of plastic deformation
Slika 1: Mikrostruktura bainitno-feritnega jekla S700MC, z vidnimi
sledovi plasti~ne deformacije
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Figure 2: S700MC steel microstructure as a function of the cooling time t8/5

Slika 2: Mikrostruktura jekla S700MC v odvisnosti od ~asa ohlajanja t8/5

Figure 4: Toughness of simulated HAZ S700MC steel at –30 °C,
cycle temperature 1250 °C
Slika 4: Simulirana `ilavost HAZ jekla S700MC pri –30 °C, tempe-
ratura cikla 1250 °C

Figure 3: Hardness of simulated HAZ HV1 S700MC steel, cycle tem-
perature 1250 °C
Slika 3: Simulirana trdota HV1 v HAZ jekla S700MC, temperatura
cikla 1250 °C



varying with cross-section. The worst changes were
observed in an area heated up to 1300 °C, where the
toughness dropped by several J/cm2.9 Accordingly it was
necessary to investigate the effect of cooling time t8/5 on
the microstructure and properties of the HAZ heated up
to 1250 °C. For a short cooling time, i.e. below 10 s,
bainite mixed with low-carbon martensite is formed in
the HAZ. A cooling time in the range 10 s to 20 s forms
a bainitic-ferritic microstructure closest to the initial
microstructure. The further extension of cooling time
increases the ferrite content in the microstructure. Cool-
ing times exceeding 100 s lead to the formation of a
ferritic-bainitic structure (Figure 2). After each cooling
individual precipitates of several μm size were observed.

The characteristic polygonal shape of the precipitates
suggests the precipitates are probably (Ti,Nb)(C,N)
carbonitrides. The large sizes of the precipitates do not
improve steel properties; on the contrary, they could sig-
nificantly reduce the mechanical and plastic properties of
welded joints.

HV1 hardness measurements revealed a slight de-
crease in the hardness for extended cooling times t8/5.
The hardness in the HAZ area decreased from 265 HV
for cooling time of several seconds to 230 HV1 for cool-
ing times longer than 60 s (Figure 3). Regardless of
cooling time, the HAZ area hardness values exceeding
270 HV did not make the area susceptible to cold crack-
ing.

The HAZ toughness tests at –30 °C revealed a sharp
drop in the mechanical properties with respect to the
parent metal, irrespective of cooling time t8/5 (Figure 4).
The thermal cycle temperature of approximately 1250 °C
is responsible for the properties’ decrease, especially
brittle fractures in impact tests as a result of thermo-me-
chanical treatment (Figure 5). The toughness of several
J/cm2 is very unsatisfactory for performance of welds
with HAZ heated to the highest temperatures

The tensile tests of the round specimens of the steel
subjected to thermal cycles at a temperature of 1250 °C
revealed only a slight effect of cooling time t8/5 on the
mechanical properties of the S700MC steel HAZ. In the
entire cooling time range of 3 s to 120 s, the tensile
strength of the HAZ was lower than the tensile strength
of the parent metal (Figure 6). By extending the cooling
time from 3 s to 120 s, the tensile strength decreased
from 720 MPa to 640 MPa. This decrease in tensile
strength could primarily be ascribed to grain growth in
the high-temperature HAZ area. The obtained elongation
values of 7 % were significantly lower than the parent
metal value of 16 % (Figure 7).
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Figure 6: Tensile test of simulated HAZ S700MC steel; cycle tempe-
rature of 1250 °C
Slika 6: Natezni preizkus simulirane HAZ jekla S700MC, pri tempe-
rature cikla 1250 °C

Figure 7: Elongation of the simulated HAZ S700MC steel; cycle tem-
perature of 1250 °C
Slika 7: Raztezki simulirane HAZ jekla S700MC pri temperaturi cikla
1250 °C

Figure 5: Brittle HAZ fracture of the specimens heated to 1250 °C,
after impact test at –30 °C
Slika 5: Krhek prelom HAZ vzorcev, ogretih na 1250 °C, po udarnem
preizkusu na –30 °C



4 CONCLUSIONS

The welding thermal cycle differs significantly from
a thermomechanical treatment cycle primarily by the
very high heating and cooling rates in the HAZ area,
short hold at a maximum temperature and the very
frequent coincidence of one or more thermal cycles by
multi-layer welding. The analysis of austenite phase
transformations by cooling time is one of the elements
for steel weldability assessment. For the steel investi-
gated, the of the simulated HAZ (heated up to 1250 °C)
hardness decreased slightly, by approximately 40 HV
with the increase of cooling time from 3 s to 120 s.
Regardless of the cooling time t8/5, the toughness was
very low and diminished to several J/cm2. The results of
the tensile and impact tests, as well as the hardness
measurements suggest a secondary role for the austenite
transformations in controlling the mechanical and plastic
properties of welded joints. The analysis of �-� phase
transformations cannot act as the basis for the assess-
ment of weldability in this group of steels.
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