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In this paper, the formation of the HAZ that is caused by the thermal effects of welding is investigated from the
theoretical and experimental points of view. Samples of the material found at the fusion line were prepared by
simulating the thermal regimes that occur during welding. A number of CCT diagrams that are valid for the condi-
tions during welding were designed, and the hardness and impact-toughness of the samples were measured. This
information was then related to the results of metallographic examinations. The maximum temperature and the
cooling rate of the applied thermal cycles were found to be decisive in terms of the properties of the HAZ.

Key words: welding, heat-affected zone, thermal cycle, cooling rate, fusion line

Mikrostruktura i svojstva materijala uz crtu taljenja. U ovom ¢lanku je sa teorijskog i eksperimentalnog
motrista istrazivano ustrojstvo zone utjecaja topline (ZUT-a) koji je prouzrokovan termickim utjecajima zavarivanja.
Uzorci materijala, koji se nalazi uz crtu taljenja, bili su pripremljeni simulacijom termi¢kog postupka za vrijeme
zavarivanja. Ustrojeno je vise CCT dijagrama, koji vaze za uvjete zavarivanja, a mjereni su takode i tvrdoca te
zilavost uzorka. Ti podaci su zatim usporedeni sa rezultatima metalografskih ispitivanja. Obzirom na svojstva

ZUT odluéujuéi su najvisa temperatura primjenjenih termickih ciklusa i brzina hladenja.

Kljuéne rijeci: zavarivanje, zona utjecaja topline, termicki ciklus, brzina hladenja, crta taljenja

INTRODUCTION

The heat required during fusion welding has an effect
on the base metal (BM) close to the joint [1]. This af-
fected region is referred to as the heat-affected zone (HAZ).
During the heating process and the local fusing of the BM
while the joint is being created, the temperature reaches a
maximum, with the highest temperatures being found close
to the zone of fusion. During cooling, however, similar
temperatures occur across the whole joint.

Technical metals are polycrystalline materials, and their
properties depend on their microstructures. During the pro-
cessing of welded products, where joining is often the last
step, the thermal cycle changes the microstructure wher-
ever a critical temperature is exceeded. As a result, the fi-
nal microstructure is a consequence of the chemical compo-
sition, the thermal treatment and the starting microstructure.

The aim of this article is to show that the microstruc-
ture and the properties of the HAZ are predictable if the
parameters of the welding and the properties of the BM
are taken into account. The thermal regime during weld-
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ing can be simulated using a thermal-cycle simulator. In
this article, the focus was on thick-plate welding with a
high-strength low-alloy (HSLA) structural steel.

THE THERMAL TREATMENT
OF MATERIAL DURING FUSION WELDING

During the process of seam, welding a moving heat-
source is used to join the plates. In order to theoretically
determine the temperature field the first and second laws
of thermodynamics must be obeyed. If a point heat-source
with a constant net power, P, moves in a straight line on
a thick plate with a constant speed, v, peak temperature,
T,ata distance R to the trajectory [2], then

2R, 1

T =T, +
® " mepe,y R? (1

p

where T} is the starting temperature, and p and c_ are the
density and thermal capacity of the material. Equation (1)
represents the so-called three-dimensional cooling char-
acteristic of thick-plate welding.

If t >> R/v, the temperature, 7, at point R decreases
during cooling as
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where O is the net heat input (Q = P/v), and D and A are
the thermal diffusivity and conductivity.

The cooling time Az, . is a suitable measure of the cool-
ing rate in the case of carbon-steel welding [1]. It is the
time taken for the material to cool from 800 to 500 °C, if
the thickness, d, ensures three-dimensional cooling:

At = %. 1 _ 1 .
8/5 5
2m. |500—7, 800—T,
d Z Qne(l . 1 1 (3)
2pc, |500—T, ' 800—T,

For typical workshop welding techniques, the condi-
tions for three-dimensional cooling are fulfilled when the
plate’s thickness exceeds 20 to 30 mm.

The material properties in the above equations are tem-
perature dependent. The average values in the tempera-
ture range where the austenite decomposes during cooling
should be used in order to calculate appropriate values for
At and d [2, 3].

THE MATERIAL AND ITS PREPARATION

The chemical composition, the mechanical properties
and the microstructure of the HSLA structural steel, which
was delivered in the as-quenched-and-tempered state, are
shown in Table 1. and Figure 1.

Table 1. Chemical composition and mechanical properties of the
BM
Tablical. Kemijski sastav i mehanicka svojstva osnovnog materi-
jala
Element C Si Mn P S Cr

mass/% | 0,09 | 0,27 | 0,30 | 0,015 | 0,010 | 1,05
Element | Mo Ni \Y Al Ti

mass/% | 0,27 | 2,63 | 0,07 | 0,045 | 0,026
R,/MPa | R,/ MPa | 45/ % —40 | —60 |—80°C

CVN/J
713 764 17 170 | 155 120

Different sub-zones found at the fusion line (FL) were
prepared on pieces of BM with sizes 11x11%55 mm. Two
kinds of HAZ microstructure at the FL were analysed; they
result from the influence of single and double thermal
cycles. A metallographic examination was performed in
order to determine the micro-constituents.
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Figurel. Microstructure of the as-delivered steel consisting of tem-
pered martensite and bainite

Slikal.  Mikrostruktura ¢elika u isporu¢enom stanju sastoji se od
martenzitaibainita

A coarse-grained heat-affected zone (CGHAZ) is the
result if the heat during welding significantly affects the
material at the FL only once [4]. The BM is heated for a
while close to its melting point, i.e. at least to T =1350°C,
and then cooled in accordance with its thermo-mechanical
properties and thickness (Equations (2) and (3)). The type
of micro-constituents formed depends on the Az, (Equa-
tion (3)). The characteristics of a CGHAZ are coarse grains,
increased hardness and low toughness [5].
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Figure2. Temperature course during the first (7,, =~ 1350 °C) and
the subsequent (7,, =~ 1350 °C) thermal cycles at At,, =~ 9 s
(1" cycle) and A, ~ 18 s (2" cycle). The dilatometry
curves were recorded during the thermal cycles
Slika2.  Temperatura za vrijeme prvog (7, =~ 1350 °C) i sljedeceg

n=
(T,,=1350 °C) termickog ciklusa kod A, =~ 9 s (1. ciklus)

i, ~ 18 (2. ciklus). ZabiljeZene su dilatometrijske kri-
vulje za vrijeme termic¢kog ciklusa
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Multi-pass welding is used when thicker plates need to
be joined. The subsequent weld passes result in a short-
term reheating of the initial coarse-grained microstructure
at the FL. Depending on the Tp (Equation (1)) the CGHAZ
can be re-transformed completely or partially. The result
is either an over- or inter-critically reheated CGHAZ, i.e.
OCCGHAZ (T, > Ac,) or ICCGHAZ (Ac, <T , <Ac,)
[4]. The final microstructures and properties depend on
the previous grain size, the T, and the Az, .
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Figure3. Microstructure of the simulated CGHAZ formed at A,
=~ 255, consisting of bainite and martensite.

Slika3.  Mikrostruktura simuliranog grubozrnatog ZUT formi-
rana kod 2, >~ 25 5, sastoji se od bainita i martenzita

In order to prepare samples of material with microstruc-
tures that reflect a certain type of HAZ sub-zone, the same
thermal regimes as those used during welding are required:
- in the case of the CGHAZ simulation the pieces of BM

were heated at a rate of 200 K/s to 7' ~1350 °C. The
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Figure4. Microstructure of simulated ICCGHAZ formed at /¢, ~

255 (L¢,,~ 50 5), consisting of martensite and bainite

Slika4.  Mikrostruktura simuliranog interkriti¢ki zagrijanog gru-
ubozrnatog ZUT formirana kod ¥, ~ 25 s (&¢,, == 50 s),
sastoji se od martenzita i bainita
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cooling rate was calculated according to Equation (2) so
as to achieve the chosen Az, .. Such a thermal cycle is
shown in Figure 2. (1* cycle with T, designated as T, -
The microstructure of the CGHAZ formed at Az, =~ 25 s
is shown in Figure 3,

- in the case of the OCCGHAZ and ICCGHAZ simula-
tions the pieces of BM were first heated at a rate of 200
K/sto Tp , =1350 °C, as in the case of the CGHAZ simu-
lation. After cooling to approximately 200 °C, in accor-
dance with Equation (2) (1* cycle in Figure 2.), the pieces
were heated at a rate of 100 K/s to 7, =960 °C
(OCCGHAZ) or to T, =780 °C (ICCGHAZ). During
cooling the chosen Az, or Az, were followed, where

At =2x At Af T, = 50 °C (Equation (4)). The metallo-

graphic appearance of the formed OCCGHAZ at Az,

225 sis almost the same as that in Figure 2., whereas the

microstructure of the ICCGHAZ with Az, =50 s) is as

shown in Figure 4.

53 =

EXPERIMENTAL RESULTS

The austenite that forms during the heating phase of
the thermal cycles decomposes during the cooling. The
starting point for the simulation of the CGHAZ is the as-

1000 ]
Nionicral 70
Single-cycle CGHAZ
900 T,= 1350 °C
800 - -
~. ~| ~.
\\'\ \ \ \’\
7007~ . N S 3
AN \, \
£ 600 \'\ AL W
= N AN .
£ 500 A\ : \.
o ey
g NN, \ \
o N MY N\
= 400 HIERY \ “\ ~
N N\ \ .
\ \
300 SOV N NN
. . \ S
SONUN o o7
200 ~ N 315
382 | 362
100
0
10° 10’ 10 10° 10*
t-tg /S

Figure5. CCT diagram valid for the CGHAZ
Slika5.  CCT dijagramza vazeéi grubozrnati ZUT

delivered BM, whereas the starting point for the simula-
tion of the OCCGHAZ and the ICCGHAZ is the CGHAZ.
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Examples the start and finish of the austenite’s decompo-
sition to bainite (Bs, Bf) and martensite (Ms, Mf) during
cooling from T, =1350°C and T, =780°C with Az,
9sand Az, =~ 18 s are indicated on the dilatometric curves
in Figure 2. The analysis of such curves of the thermal
cycles with the same T, but with different cooling rates,
makes it possible to construct a CCT diagram that is valid
for welding conditions:

1. The microstructure of the CGHAZ (Figure 5.) is formed
if thermal cycles with T , = 1350 °Care applied to the
BM.

2. The microstructure of the OCCGHAZ (Figure 6.) is
formed if thermal cycles with T’ =960 °C are applied
to the CGHAZ.
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Figure6. CCT diagram valid for the OCCGHAZ
Slika6.  CCT dijagram vaZe¢i za nadkritic¢ki zagrijan grubozrna-
tiZUT

3. The microstructure of the ICCGHAZ (Figure 7.) is
formed if thermal cycles with I’ =780 °Care applied
to the CGHAZ (because Ac, < T,<Ac, the diagram
is valid for the transformed part).

Cooling curves with Az, - =~5,9, 25, 100 and 400 s
and hardness, HV10, are shown in Figures 5. to 7.

When samples of the CGHAZ are simulated (Figure 5.)
the starting microstructure consists of tempered martensite
and bainite. When samples of the OCCGHAZ and
ICCGHAZ are simulated (Figures 6. and 7.) the starting

microstructure consists of either coarse-grained martensite
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(At <8109 s), martensite and bainite (9 s < Az, =50 s),
pure bainite (50 s < Az, . <400 s) or bainite w1th some fer-
rite (At . =400 s) (see Figmre 5.).

The primary austenitic grain size of the CGHAZ var-
ies from 120 um (Az,, =5 s) to 250 um (At =400 s),
whereas the grain size of the as-delivered BM was
ASTMI10 [6].
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Figure 7. CCT diagram valid for the ICCGHAZ
Slika7.  CCT dijagram vaZeéi za interkriti¢ki zagrijan grubozr-
natiZUT

The impact-toughness, CVN, at —40 °C and the HV10
of the single-cycle CGHAZ are shown in Figure 8. If the
CGHAZ consists only of martensite (Figure 5.) the HV10
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Figure8. CVNand HV10 of the CGHAZ versus /Y,
Slika8.  Zilavostitvrdoéa grubozrnatog ZUT obzirom na /v,
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is constant. The CVN increases with the Az, _ if pure mar-
tensite exists. If Az, . >9 s, the HV10 decreases linearly
on a logarithmic scale until the appearance of the ferrite,

whereas the CVN decreases.
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Figure 9. CVN and HV10 of the double-cycle HAZ at the FL versus
T,if A, >9s

Slika9.  Zilavost i tvrdo¢a dvoprolaznog ZUT na crti taljenja ob-
ziromna T, kad je A, ~9 s

The CVN and HV10 of the double-cycle HAZ with
At,. ~9s (At ~18s) and At =255 (At,,, =505)
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Figure 10. CVN and HV10 of the double-cycle HAZ at the FL versus
T,if At 255

Slika10. Zilavost i tvrdoéa dvoprolaznog ZUT na crti taljenja ob-
ziromna 7,,kad je /¥, > 255

are shown in Figure 9. and 10. The properties are com-

pared with those of the CGHAZs:

1. Despite reheating the CGHAZ only to Ac, the CVN is
significantly improved. The improvement increases up
to 780 °C, whereas the HV 10 decreases.

2. When T, approaches 900 °C, i.e. the Ac, of the BM,
the CVN decreases, whereas the HV 10 increases.

3. WhenT ' approaches 1150 °C the CVN increases; the
HV10 is slightly changed.

4. At sz > 1150 °C the CVN decreases; the HV10 is not
significantly changed.
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DISCUSSION

The heating rate during the heating sequence of a ther-
mal cycle using conventional welding techniques is in the
range 200 to 300 K/s. The reverse martensitic transforma-
tion could, therefore, occur in the as-quenched marten-
site. This is not the case, however, if particles of cementite
are precipitated after quenching. They are the result of ei-
ther an intentional tempering (BM) or auto-tempering
(HAZ). The latter is more likely to occur in steels with a
higher M_(M_ = 470 to 480 °C in Figure 5.).

According to the Fe-Fe,C phase-diagram the reactions
a+Fe,C — yand o — ybegin when Ac and Ac, are ex-
ceeded. However, the cementite must be surrounded by
ferrite for the former reaction to take place. The latter re-
action acts along the G-O-S line when an appropriate car-
bon concentration is reached.

Due to rapid heating a substantial amount of super-
heating occurs before the transformation starts. The de-
gree of superheating depends on the heating rate, which is
a function of the heat input as well as the thermal proper-
ties and thickness of the BM. The dissolution of the ce-
mentite and the formation of the y-phase as well as the
diffusion of carbon into the ferrite are substantially de-
layed. In addition, when the y-phase is formed as a result
of both reactions the austenite is non-homogeneous. The
concentration of the carbon in the vicinity of a dissolute
Fe,C particle is higher than it is further away. The carbon
concentration in the just-formed y-phase that is the result
ofthe & — yreaction is lower than before, and some time
is needed for homogenisation. The diffusion is faster in
the case of higher superheating.

At a fixed temperature, the austenite at the FL is more
heterogeneous if the heating rate is higher. When the ap-
plied thermal cycle reaches 7' the carbon-dissolution, the
phase-transformation and the homogenisation are imme-
diately slowed or even stopped.

Thus, the consequence of rapid heating in the first se-
quence of the thermal cycle is either a partially austenised
previous microstructure or a fairly non-homogeneous aus-
tenite. The result of the decomposition of a non-homoge-
neous austenite is a more heterogeneous HAZ microstruc-
ture, as expected from the average chemical composition
of the BM.

The size of the grains at the beginning of the decom-
position is also important for the final microstructure. A
high T p during the thermal cycle at the FL is the reason for
the grain growth. Precipitates hinder grain growth by pin-
ning the grain boundaries if they are finely dispersed and
still exist at the 7 . Less-stable precipitates are dissolved
at the temperature where the grains can grow, whereas more
stable precipitates are coarsened. Their dispersion is there-
fore lower and they are less effective in controlling the
grain growth.
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The bainite was found in the CGHAZ at Az, .= 7to 8 s.
Some amount of bainite in a predominately martensitic mi-
crostructure increases the fracture resistance of the CGHAZ
in HSLA structural steels. Ferrite was found in the CGHAZ
only for Az, =400 s. The most favourable sites for ferrite
nucleation are the grain corners, the grain boundaries and
the inclusions.

When two cycles were applied and T,>A, bainite
was found already at Az, =5s. Ferrite was observed at

At =100 s. The M_ was slightly lower than that in the
CGHAZ; the HV10 of the pure martensite was the same
(compare Figure 5. and 6.). The presence of ferrite does not
lower the HV10 of the ferritic-bainitic-martensitic micro-
structure. The existence of harder micro-constituents in the
predominantly bainitic-martensitic microstructure with a
higher carbon-content prevails over the softer one trans-
formed at a higher temperature (ferrite). The density of
favourable sites for ferrite nucleation at the grain corners
and boundaries is higher in fine-grained metals. However,
ferrite is formed earlier in the developing coarse-grained
microstructure of the OCCGHAZ than in the CGHAZ.

Only part of the previous CGHAZ microstructure was
re-transformed during the application of the second ther-
mal cycle to T,=780°C. Even during the fastest cooling
a bainitic-martensitic microstructure was formed. The M
was at least 50 K lower than that in the CGHAZ and fer-
rite was detected already at Az, = 25s.

It has to be stressed that the HV10 in Figure 7. corre-
sponds to the microstructure shown in Figure 4., not only
to that represented by the CCT diagram in Figure 7. The
ICCGHAZ actually consists of the microstructure from
Figure 7. with a share of 60 to 70 % (such a percentage of
the CGHAZ was retransformed at Tp , =780 °C). The rest
is the tempered microstructure from Figure 3. The first
part has a slightly higher carbon content. This could be
the main reason for the improved CVN at T’ < Ac, in Fig-
ure 6. and 7.
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CONCLUSIONS

A certain amount of heat needs to be put into the BM
in order to fuse a part of it and create a weld-joint. This
heating, however, affects the microstructure. A CGHAZ, a
OCCGHAZ or a ICCGHAZ exists at the FL after weld-
ing. A welding simulation is a suitable method for prepar-
ing samples of different HAZ sub-zones. Afterwards, the
microstructure and the properties of these sub-zones can
be predicted.

The properties of the HAZ depend on the overall ther-
mal regime of the welding. The austenitic grain size is the
result of the thermal cycle with the highest T. This is the
result of the first weld pass, which actually defines the
position of the FL. The last thermal cycle, which changes
the microstructure, whether completely or partially, i.e. its
T, and Aty (At,),), is decisive for determining the final
micro-constituents. The more-or-less non-homogenised
austenite at the beginning of the cooling is the main rea-
son why the microstructure and the properties of the HAZ
are not easy to forecast.
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