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Quenched and tempered high-strength steels have a favorable strength-to-weight ratio. These steels are usually welded with the
use of standard procedures. Due to the heat input during welding, steels undergo changes in the heat-affected zone and as a re-
sult an unfavorable microstructure and mechanical properties can occur. The coarse-grained heat-affected-zone microstructure
was studied with the use of simulated thermal cycles. They were applied to the experimental quenched and tempered steel. The
steel samples were heated to a peak temperature of 1350 °C and then cooled with different rates. A microstructure examination,
dilatometry analysis and hardness measurements of the steel samples were performed. The transformation start and finish tem-
peratures were determined using the dilatation vs. temperature data analysis. The investigation was performed to determine the
appropriate cooling time fg/5 interval for further investigation of the experimental steel.
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Visokotrdna kaljena in popuscena jekla imajo ugodno razmerje med trdnostjo in tezo. Ta jekla se lahko varijo z uporabo
standardnih postopkov varjenja. Zaradi vnosa toplote med varjenjem se jeklo v toplotno vplivanem podroc¢ju spremeni, zaradi
Cesar lahko pride do neZelene mikrostrukture in slabih mehanskih lastnosti. Simuliacija varilnih toplotnih ciklov je bila
uporabljena za raziskavo grobo-zrnate mikrostrukture preizkusne Sarze kaljenega in popuscenega jekla. Vzorci jekla so bili
segreti do temperature 1350 °C in nato podvrZeni razli¢nim hitrostim ohlajanja. Izvedena je bila analiza podatkov, zabeleZenih z
dilatometrom, ter meritve trdote in preiskava mikrostrukture vzorcev. Za posamezne vzorce sta bili doloCeni temperaturi zacetka
in konca transformacije pri ohlajanju. Rezultati izvedenih preiskav so osnova za dolocitev primernega ¢asa ohlajanja fgs za
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nadaljne reziskave preizkusnega jekla.

Kljucne besede: mikrostruktura, grobo zrno, kontinuirno ohlajevanje, trdota

1 INTRODUCTION

High-strength quenched and tempered steels are com-
monly referred to as Q&T steels. They are used to simul-
taneously reduce the weight and increase the load capac-
ity of load-bearing components (pressure vessels,
building columns, cranes, off-shore structures, etc.).
These steels are also used for the production of armored
steel plates.'?

The standard EN 10025-6 for quenched and tempered
steels allows variations of the chemical composition, but
with minimum requirements for the mechanical proper-
ties.> This allows steel manufacturers to use different
chemical compositions with a combination of appropri-
ate rolling parameters and heat treatment (quenching fol-
lowed by tempering) to achieve a minimum yield
strength of above 1000 MPa.** The final result is typi-
cally a microstructure of tempered martensite and
bainite.

*Corresponding author's e-mail:
roman.celin@imt.si (Roman Celin)
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Different arc-welding procedures such as shielded
metal arc welding (SMAW), gas metal arc welding
(GMAW), gas tungsten arc welding (GTAW) can be used
for joining quenched and tempered steels.°

The properties of the weld metal and the micro-
structural development of the adjacent heat-affected zone
(HAZ) are to a large extent influenced by the welding
thermal cycle and the composition of the base material.
The influence of the welding thermal cycle can be ex-
pressed through the welding heat input, which can be de-
termined by the cooling time fgs. The cooling time is de-
fined as the time for the temperature to drop from 800 °C
to 500 °C and is in an inverse relation to the cooling rate
(°C/s).” The longer the fys (higher heat input), the slower
the cooling rate is.

During welding the highest temperature, besides
weld molten metal, is in the coarse-grained heat affected
zone (CG HAZ) and can be above 1100 °C.% At that tem-
perature the initial tempered martensite microstructure of
the quenched and tempered steel undergoes an austenite
transformation and the grains start to grow. If a subse-
quent cooling rate is high enough, martensitic and/or
bainitic transformations from the austenite take place.
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The weld HAZ is narrow and difficult to investigate,
so a simulation of the welding thermal cycle is used to
produce a sample with a uniform CG HAZ micro-
structure that is suitable for investigations.

In most cases a weld thermal simulator and/or a
quenching dilatometer are used for thermal cycle simula-
tions, which are usually performed as a part of the
weldability investigation for the investigated steel.”!°
Data acquired during thermal cycle simulations are used
to construct a continuous cooling transformation (CCT)
diagram, which is useful to monitor the microstructure
development in relation to the #gs (cooling rate).

This study was performed with the use of a dilato-
meter. To conduct the continuous cooling transformation
tests of the coarse-grained HAZ (CG HAZ) for the ex-
perimental steel, several simulated thermal cycles were
applied. The simulation results were used to investigate
the correlation among the cooling rates, CG HAZ
microstructure, and hardness. The final goal was to de-
termine the g5 cooling time interval for the experimental
steel-welding procedure.

2 EXPERIMENTAL PART

A steel characterization was carried out through
metallographic analyses and hardness measurements. A
12-mm plate made from the experimental laboratory
steel that fulfilled the S1100Q steel designation require-
ments was tested. The experimental steel has the follow-
ing mechanical properties: yield strength R. = 1186 MPa,
tensile strength R,, = 1348 MPa, and an average hardness
HVS5 = 446. Figure 1 shows the tempered martensite
microstructure of the experimental steel S1100 QT.

Cylindrical samples that were 4 mm in diameter and
10 mm in length were made for the welding thermal cy-
cle simulations in the dilatometer.

A TA Instruments DIL8S8O5SA/D dilatometer was em-
ployed to simulate the weld CG HAZ in an argon atmo-
sphere. The samples were heated to the peak temperature

Figure 1: Tempered martensite microstructure of the S1100 Q experi-
mental steel
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of 1350 °C with a heating rate of 200 °C/s, held at the
peak temperature for 3 s and then cooled by applying
five different time #ys intervals ranging from 5 s to 80 s
(Table 1), the cooling curve was logarithmic to simulate
natural cooling during actual welding. The acquisition of
the cooling-cycle data was turned off at 200 °C. The
thermal-cycle parameters were selected based on previ-
ous work.!!

Table 1: Thermal-cycle simulation parameters

Heating rate Peak ttempera' HOlding time Cooling time
ure At8/5
° ° 5s,10s, 20 s,
200 °C/s 1350 °C 3s 40's, 80 s

The dilatation data generated during the cooling were
recorded and the phase-transformation points were ob-
tained with the tangent method. Quantitative chemical
analysis of the experimental steel with a property of the
S1100 QL was made using ICP spectrometry. The chem-
ical composition in weight % is: 0.149 % C; 0.22 % Si;
0.95 % Mn; 0.003 % S; 0.52 % Cr; 0.38 % Cu; 1.31 %
Ni; 0.42 % Mo; 0.02 % V; 0.014 % Nb; 0.04 % N;
0.0006 % B; and 0.046 % Al

Metallographic samples were prepared by grinding
and polishing, followed by chemical etching in a 2 %
nital solution. An optical microscope (OM) Microphot
FXA, Nikon and scanning electron microscope (SEM)
JEOL JSM-6500F with electron backscattered diffraction
(EBSD) were used for characterization of the simulated
CG HAZ microstructure.

The Vickers hardness of the samples from the ther-
mal cycle simulations was measured in accordance with
EN ISO 6507-1, applying a load of 5 kg (HVS). The re-
sults of the hardness testing were used to plot the "Time
tys vs. Hardness HVS" graph for the simulated CG HAZ
microstructure.

3 RESULTS AND DISCUSSION

3.1 Chemical composition

To assess the influence of the chemical composition
(carbon and alloying elements) on the steel’s weldability,
the term carbon equivalent CE is used. Equation (1) from
the standard EN 1011-2'2 is applicable to the investigated
experimental low-alloy high-strength steels with a car-
bon equivalent designation as CET:

Mn +M0+Cr+Cu+ﬁ
10 20 40

C,, =C+ 1)

The carbon content of the experimental steel is
0.149 %, which ensures adequate weldability. However,
a CET value of a 0.364 suggests that preheat and control
of heat input during the welding process is needed to
avoid the occurrence of hydrogen-induced cracking (cold
cracking).!?
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3.2 Continuous cooling transformation diagram and
hardness

The dilatometry data that were recorded during the
welding thermal-cycle simulations were analyzed. The
heating rate and the first stage of cooling are the same
for all samples (Table 1). An increase in the temperature
causes linear thermal expansion in the sample. The trans-
formation points at the heating rate of 200 °C/s were
A =754 °C and A = 850 °C. The temperatures A; and
Ag are higher than the equilibrium temperatures A.; and
Ag; because of the rapid heating rate.'

During cooling, dilatation of the sample decreases
linearly from 1350 °C with the decrease in temperature
until it reaches the transformation start temperature. Due
to the low temperatures the diffusional transformations
are not possible, so the displacive transformations take
place (bainitic, martensitic). The dilatation again de-
creases linearly with cooling to room temperature. The
transformation start temperature (7) and the transforma-
tion finish temperature (7;) for all the cooling rates were
determined from the plots (Table 2).

Table 2: Transformation start s and transformation finish temperature

t3/5 cooling time (s) (cooling rate (°C/s))

5(60) | 10(30) | 20 (15) | 40 (7.5) |80 (3.75)
Ts (°C) 412 413 420 448 476
Tt (°C) 265 300 340 345 360

The dilatation plots at the cooling stage of the simu-
lated thermal cycles #35s = 5 s, 20 s and 80 s are shown in
Figure 2.

Based on the dilatometry data, the cooling diagram
for the simulated weld CG HAZ microstructure was con-
structed and is shown in Figure 3.

From Figure 3 it is clear that the transformation start
and transformation finish temperature rise gradually with
the increasing cooling time #gs. The transformation at
continuous cooling occurs in a temperature range be-
tween 476 °C and 265 °C for all the applied cooling
rates.
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Figure 2: Dilatation vs. temperature cooling curves for the 735 =5 s,
20 s and 80 s
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Figure 3: Cooling diagram of the simulated weld CG HAZ with T
and Tt temperature

Figure 4: Optical micrographs of the simulated CG HAZ samples at
different 7g/5 (M — martensite; LB — lower bainite, UB — upper bainite)
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Dependence of the simulated CG HAZ HV5 hardness
on the cooling time fgs for the investigated experimental
steel is given in Figure 3. The average hardness of the
experimental S1100Q steel is 446 HV and is the result of
the quenched and tempered martensitic microstructure.

The application of a simulated thermal cycle with the
cooling times fgs of 5's, 10 s and 20 s softens the steel,
where the sample hardness drops to 424 HVS, 423 HVS,
and 421 HVS5, respectively, all being below the hardness
of the base metal. As the cooling time fys increases to
80 s, the hardness further decreases to 334 HVS. The de-
cease of hardness can be attributed to the formation of
bainite.

3.3 Microstructure

A tempered martensite microstructure of the experi-
mental steel (base metal BM) is presented in Figure 1.
Figure 4 shows microstructure of the simulated CG
HAZ samples with cooling times #ys of 5 s, 20 s and 80 s.
The microstructure consists of lower bainite and
martensite in the 5 samples with a consistently increas-
ing amount of upper bainite as the cooling times in-
crease. All the microstructures are coarse grained, as in-

ase

LV
l‘,..

tended by the thermal cycles, in comparison with
fine-grained unaffected base metal. The simulation peak
temperature of 1350 °C and a sufficient holding time en-
sure complete re-austenisation and rapid grain growth
that is typical for the CG HAZ.

The prior austenite grain boundaries are still notice-
able under the light microscope, but become more appar-
ent under the scanning electron microscope (SEM).

Figure 5a shows the tempered martensite micro-
structure of base metal (Figure 1). Figure 5b to and 5d
shows SEM images of microstructures corresponding to
the simulated samples. The carbide precipitates can be
clearly observed in the SEM images, the slow natural
cooling at lower temperatures allows for some self-tem-
pering of the martensite as small tempering carbides are
visible. The fine precipitates are located mainly inside
the martensite laths and in lower bainite in Figure 5b,
while the slightly larger carbides in Figure 5d belong to
the upper bainite.

In a lath martensitic structure, a prior austenite grain
is divided into packets of parallel laths, containing ex-
tended parallel blocks, and those blocks are further
sub-divided by laths, among which there are low-angle

o 39 e S
BTt

Figure 5: SEM images of the base metal and simulated CG HAZ at rg/5s of 5 s, 40 s and 80 s
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Figure 6: Band contrast images and distribution of grain boundary
misorientation

boundaries, while the packet and block boundaries are at
high angles.!>!

Figure 6 shows band contrast images of the base
metal (Figure 6a) and the simulated HAZ at 1100 °C
with a slow cooling of 80 s (Figure 6b), as well as the
distribution of the grain-boundary misorientation of both
microstructures (Figure 6c¢). As the base metal shows
small equiaxed prior austenite grains (PAG) and a typical
martensitic sub-grain structure, the microstructure of the
simulated HAZ shows an evident increase of PAG, pack-
ets, and blocks, and correspondingly longer laths. Re-
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garding the grain misorientation angles, the base metal
shows a lower ratio of low-angle boundaries (< 5°), an
almost constant share of boundaries with misorientation
angles between 5° and 45° with a slight increase between
10° and 20°, and an increased share of boundaries with
discrete misorientation angles of 55° and 60°. On the
other hand, the simulated HAZ microstructure has a
sharp increase of grain-misorientation angle of around 2°
(lath boundaries), a nearly linear decrease of share up to
22°, almost no grain boundaries with misorientation an-
gle between 22° and 50°, then similarly to the base
metal, and an increased share of boundaries with discrete
misorientation angles of 55° and 60°. The highest share
of boundary misorientation angles is at 60°, which repre-
sents the prior austenite, packet, and block boundaries.

4 CONCLUSIONS

The focus of this investigation was on the behaviour
of the experimental steel’s coarse-grained heat-affected
zone, which, in real welds, is desired to be as narrow as
possible.

The dilatometry analysis of the phase transformations
by cooling time was used as a first step of the weldability
assessment. The microstructure of the CGHAZ simu-
lated samples was evaluated with optical and a scanning
electron microscopy. The main conclusions regarding the
investigation of the experimental steel are:

Changes in the microstructure among different tgs
simulation samples were mainly an increase of lower and
upper bainite share and a decrease in the amount of
martensite.

The HVS5 hardness of the simulated HAZ samples de-
creased by 112 HVS from the base metal for the cooling
time tgs of 80 s. The simulation cooling rate was slow
enough to induce the start of the re-tempering process,
which causes the hardness to drop.

The results of this investigation suggest that the fys of
the investigated experimental steel CG HAZ should be
between 5 s and 40 s. However this is preliminary assess-
ment based on the data available so far.

Further investigations of the experimental steel will
be carried out on a weld simulator, making it possible for
tensile test and Charpy notch toughness specimens to be
produced. The microstructure transformation of samples
in continuous cooling are in the temperature range be-
tween 476 °C and 265 °C, thus thermal simulation with
continuous cooling will be carried between 500 °C and
200 °C.
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