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Effect of Simulated Welding Cycles on Carbide Evolution

in SQV-2A Low Alloy Steel
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Abstract

The influence of simulated welding cycles on the evolution of carbides in SQV-24 low alloy steel
was studied. In the investigation TEM observations of thin foils and carbon extraction replicas were
performed. Type and metal composition of carbide particles were determined by means of electron dif-
Sraction and EDX. In original and “affected” states Fe-rich M,C and Mo-rich M,C carbides were iden-
tified. The M C carbide was found to incur only small changes during simulated welding cycles. There
was confirmed a higher sensitivity of M ,C carbide on short-term high-temperature welding processes.
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1. Introduction

The morphology, size, and distribution of secondary

phase particles in microstructure significantly influences
the mechanical, fracture, and physical properties of alloy
steels'?. Segregation phenomena and corrosion resistance
are mainly affected by the partitioning of alloying and im-
purity elements between secondary phase and matrix34.
Thus, the understanding of secondary phase evolution dur-
ing processing (technological operations) and service seems
to be necessary for the achievement of improved properties
and higher service reliability of alloy steels.
In low alloy steels of industrial production, carbides are the
most important secondary phase. As mentioned above, the
evolution of carbide particles is connected with changes in
their morphology, size, distribution, crystal structure, and
metal composition. The last two changes appear mostly
during long-term service®®. They tend towards an equilib-
rium, and therefore both experimental measurements and
thermodynamic calculations should be used in the investi-
gation of carbide evolution®”, On the other hand, techno-
logical operations can be mostly characterized as time-lim-
ited non-equilibrium processes. The non-equilibrium evo-
lution of carbides (e.g. during welding) is a largely
unexamined process and requires the use of experimental
techniques like TEM, EDX, and FIM in its investigation.

Depending upon maximum température, holding time,
and cooling rate of the welding cycle, carbide particles in
“affected” low alloy steel can either dissolve themselves
(this process must not be completed) or precipitate (this
process is usually followed by growth of particle). Cementite
particles have tendency to form before precipitation of spe-
cial carbides or other types of secondary phases®. How-
ever, Magula and Janovec?” have reported the preferential
precipitation of Mo-rich particles in Cr-Mo-V low alloy steel
affected by a simulated welding cycle with a maximum tem-
perature 993 K and Mandziej'? has observed the precipita-
tion of fine nitride particles in welds of low-carbon steel
with higher nitrogen content.

The present work is aimed at the investigation of car-
bide evolution in SQV-2A low alloy steel affected by three
simulated welding cycles (austenitizing, reheating, and tem-
pering). The achieved results are expected to supplement
earlier findings concerning the formation and decomposi-
tion of M-A constituent in the investigated steel'"'?).

2. Experimental procedure

Samples of 11x11x55 mm with the longer side paral-
lel to the rolling direction were machined from industrially
produced sheets of the investigated SQV-2A low alloy steel
(for steel chemical composition see Table 1). After rolling
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Table 1 Chemical composition of the investigated steel (mass contents in %).

Element C Si Mn P S Ni Mo Cr Al
Content 0.18 0.28 1.45 0.005 0.002 0.7 0.54 0.09 0.018
Table 2 Parameters for simulated welding cycles. Terms t and t, . represent the cooling time from 1073 to 773 K.

The simulations consisted of one (for denotation of corresponding state symbol C was used), two (A and B),

or three (A1-A3 and B1-B3) cycles.

1¥ cycle 2" cycle 34 cycle Symbol

1623 K /65, Atgs=6s --- --- C
1623 K /65, Ags =6 s 1073 K /65, Atsrs=6s o A
1073K /65, Atas=40 s B

473K /6s, Atgsp=06s Al

1623 K /65, Atgs=6s  1073K/65s,Atss=6s 733K /6, Atgs,p=65 A2
893K /6, Atys,s=65s A3

473K /65, Atgsp=065 B1

1623 K /655, Atgs=6s 1073K /65, Ates=40s 733K /65, Atgsp=65 B2
893K /6, Atysep=6s B3

and before simulation of welding cycles, the steel was nor-
malized at 1153 K for 13.63 ks, water quenched, tempered
at 953 K for 24.36 ks, and air cooled. The mentioned heat
treatment led to the formation of the original state,
symbolised OR. Parameters of welding cycles correspond-
ing to austenitizing (1* cycle), intercritical reheating (2™
cycle) and tempering (3 cycle) are scheduled in Table 2.
The microstructures of original and “affected” states were

observed by light microscopy after two-step electrolytic
etching.

To identify phases present in the investigated steel,
TEM of carbon extraction replica and thin foil was used.
Carbon extraction replicas were removed electrolytically
in a solution of HCI1 (10 ml) in ethylalcohol (100 ml) at
room temperature and voltage 12.5 V. Thin foils were also
prepared electrolytically in a solution of HCIO, (10 ml) in

Figure 1 Characteristic microstructures of the investigated steel:
(a) after rolling, normalizing and tempering (OR), (b) after 1¥ welding cycle (state C), (c) after 2™
welding cycle (state A), (d) after 34 welding cycle (state A3).
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ethylenglycolmonobutylether (90 ml) at 288 K and voltage
22 V. Extracted carbide particles were analyzed by means
of CBD, SAD and EDX techniques. The metal composi-
tion of carbides was determined by means of software for
thin samples; corrections for absorption and fluorescence
were not applied.

3. Results

Microstructure of the investigated steel is documented
in Fig. 1. The fine-grain ferrite-carbide microstructure of
the original state, Fig. 1(a), was changed into coarse-grain
martensite microstructure (state C) during 1% welding cycle,
Fig. 1(b). For the 2" welding cycle (states A and B), the
formation of martensite-austenite (M-A) constituent in in-
tergranular and interlath areas is characteristic, Fig. 1(c).

Figure 2 Size, morphology and distribution of carbide particles
in the microstructure of original state: (a) TEM micro-
graph of carbon extraction replica and (b) TEM micro-
graph of thin foil.

Figure 3 Identification of M,C carbide by means of electron dif-
fraction: (a) TEM micrograph showing morphology and
size of the analyzed particle, (b) Kikuchi lines taken off
the particle in orientation (053) by means of conver-
gent beam, (¢) SAD pattern of the analyzed particle in
orientation (053), (d) SAD pattern of the analyzed par-
ticle in orientation (437).
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Decomposition of the M-A constituent during 3™ welding
cycle did not bring metallographically ascertainable changes
in the microstructure, Fig. 1(d).

In the microstructure of the original state carbide, par-
ticles of two different types were identified:
o large equiaxed particles (200-500 nm in diameter) at grain
and lath boundaries, Fig. 2, identified as M,C carbide,
Fig. 3,
¢ small particles (up to 200 nm) of M,C carbide, Fig. 4,
precipitating mostly in intralath areas, Fig. 2. Characteris-
tic EDX-spectra of Fe-rich M,C and Mo-rich M,C carbides
are documented in Figs. 5(a) and 5(b), respectively. Crys-
tallographic parameters of both carbides and b.c.c. matrix
(a-Fe) are given in Table 3.

In the microstructure of state C (after 1% cycle) only a

Figure 4 Identification of M,C carbide by means of electron dif-
fraction: (a) TEM micrograph showing morphology and
size of the analyzed particle (marked by arrow), (b) SAD
pattern of the analyzed particle in orientation ( 111).
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Figure 5 Characteristic EDX-spectra of M,C (a) and M,C (b)

carbides.
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Table 3 Crystallographic parameters of identified phases.

Phase System Space group Lattice parameters [nm] Reference
a=0.50890
M5C orthorombic Pnma b =0.67433 13)
c =045235
M,C h I P6 a=0.30020 14
2 exagona 3/mmc & = 0.47240 )
o-Fe b.c.c. Im3m a =0.28665 13)

b.c.c..

87.0 Fe

l aen *220 <

* ' : ! 7 Figure 8 Average atomic contents of Cr, Mn, Fe, and Mo (in %)

(’ 111 ) in metallic part of M,C (a) and M, C (b) carbides.
Figure 6 Microstructure of state A (1623 K/6s,t, = 6 s; 10
1073 K./ 6 s, t,,, = 6 5): (a) TEM micrograph showing = = D a)
areas of b.c.c. martensite in M-A constituent practically S 8 sl e
free of carbide particles, (b) CBD pattern of b.c.c. mar- %
tensite in orientation (111), (c) SAD pattern in orienta- s 6FTTTRE T LT
tion (111) corresponding to the CBD pattern in Fig. 6(b), E+ -
(d) dark field image taken from the area documented in 5 4
Fig. 6(a) in reflection signed by arrow in Fig. 6(c). 3 Ry
2 ’
0 ; s T o W ) -
OR C A Al A2 A3 B B1 B2 B3
.2 b)
20

-
W

Mo/(Cr+Mn+Fe)
w =

Figure 7 Microstructure of state B (1623 K /6 s,t,, =6s; 0 OR C A Al A2 A3 B Bl B2 B3
1073 K /6 s, t,,, =40 s): (a) TEM micrograph showing
smaller particles in intralath areas and larger ones along Figure 9 Changes in metal composition of identified carbides
lath boundaries, (b) carbide particles in marginal areas (atomic contents of Cr, Mn, Fe, and Mowere taken into
of thin foil visualized by means of TEM. account) in analyzed states: (a) Fe/(Cr+Mn+Mo) ratio
for carbide M,C, (b) Mo/(Cr+Mn+Fe) ratio for carbide
MC.
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few carbide particles were observed. They were fine par-
ticles of undissolved M,C carbide and needle-shape M,C
particles of self-tempered martensite. The state of precipi-
tation after the 2™ welding cycle was strongly influenced
by the cooling rate of the cycle:
o the microstructure of state A (4, = 6 s) contains the same
types of particles as identified in state C; the frequency of
their occurrence in the microstructure is very low, Figs. 6(a)
and 6(d); reflections from carbide particles were not found
in diffraction patterns of b.c.c. martensite, Fig. 6(c),
e many interlath and intralaths M,C particles, Fig. 7, were
observed in the microstructure of state B (A, = 40 s); par-
ticles of M,C carbide were also found.
Tempering of the investigated steel at 733 and 893 K (3%
welding cycle) led to the additional precipitation and growth
of carbide particles. Besides M,C and M, C carbides, there
were not found any other carbide types.

In the metallic part of both identified carbides, Cr, Mn,
Fe, and Mo were found. Average contents of mentioned
elements in M,C and M,C carbides are illustrated in
Figs. 8(a) and 8(b), respectively. Changes in metal compo-
sition of identified carbides evoked by simulated welding
cycles are plotted in Fig. 9. For the M,C carbide the ratio
Fe/(Cr+Mn+Mo), Fig. 9(a), and for the M,C carbide the
ratio Mo/(Cr+Mn+Fe), Fig. 9(b), were chosen to reflect the
mentioned changes.

4. Discussion

In all analyzed states the same carbide types (M,C and
M,C) were found. Differences between individual states are
only in morphology, area density, distribution and metal

composition of carbide particles. Time-temperature param-

eters of welding cycles (short-term holding at maximum
temperature and relatively fast cooling) supported the dis-
solving of carbide particles rather than their precipitation
and growth. This is the reason why the area density of car-
bide particles in “affected” states is evidently lower than in
the original state. There are also differences between origi-
nal and “affected” states in the bulk distribution of carbon.
In the original state, the even distribution of carbon led to
the equable distribution of carbide particles. Reaustenitizing
during the 2™ welding cycle accompanied by partitioning
of carbon between ferrite and austenite caused the enrich-
ment of austenite (after cooling M-A constituent) with car-
bon. Okada et al.'> have reported for steels HT80-A, HT80-
B, and HT100-B that the carbon content in M-A constitu-
ent can be even 20x higher than in the surrounding ferrite.
This is also the reason why precipitation of carbide par-
ticles in “affected” states took place preferentially in is-
lands of M-A constituent (gray areas along grain and lath
boundaries in Figs. 1(c) and 1(d)).

89

Trans. JWRI, Vol. 30,(2001), Ne. 1

4.1. Carbides in original state

As already mentioned in previous paragraphs the mi-
crostructure of the original state consists of ferrite, cement-
ite or e-carbide (the term M,C was used because of a preva-
lence of cementite particles), and M,C carbide. Particles of
both carbide types are uniformly distributed in the micro-
structure, even if evidently larger M,C particles are mostly
situated along grain boundaries, Fig. 2. Molybdenum in M,C
carbide of the original state is the dominant metallic ele-
ment which is evident from the value of about 16 of the
Mo/(Cr+Mn+Fe) ratio, Fig. 9(b). Only traces of Cr, Mn,
and Fe were found in this carbide, Fig. 5(b). Fe-rich M,C
carbide was also found to be alloyed by Mn (atomic con-
tent about 10 %), Fig. 8(a); atomic contents of Cr and Mo
are under 2.5 %.

4.2. Carbide evolution during simulated welding cycles

Dissolving of carbide particles is the decisive process
occurring in the investigated steel during the 1* welding
cycle. Differences in metal composition of M,C carbide
before (OR) and after (C) simulation, Fig. 9(a), indicate
that cementite of the original state should be completely
dissolved during holding at 1623 K for 6 s and e-carbide
reprecipitates later as a part of self-tempered martensite; a
higher Fe-content is characteristic for the “fresh” cement-
ite (e-carbide). In low alloy steels “freshly” precipitated M,C
particles are mostly of needle-shape morphology'®. In state
C fine (up to 50 nm in diameter) M_C particles of equiaxed
morphology were observed and metal composition compa-
rable with particles of the same carbide in state OR,
Fig. 9b. This indicates the M,C carbide was partially (in-
completely) dissolved during the 1* welding cycle, while
new M, C particles did not precipitate.

As documented in Figs. 6(a) and 7(a), cooling rate ex-
erted a significant influence on the carbide evolution dur-
ing the 2™ welding cycle. In the microstructure of faster
cooled (4, = 6 s) state A only fine cementite (e-carbide)
particles of self-tempered martensite, Fig. 6(a), were found.
Not only morphology, but also metal composition of these
particles is comparable with those in state C. Slower cool-
ing (A, = 6 s) made possible intensive precipitation of
interlath and intralath M,C particles, Fig. 7. They are evi-
dently smaller than M,C particles in the original state (com-
pare Fig. 7(a) with Fig. 2(b)), but differences in metal com-
position become smaller, Fig. 9(a). The value of the
Fe/(Cr+Mn+Mo) ratio decreases and the stability of M,C
carbide increases in accordance with sequence:

C, A, A1-A3 > B, B1-B3 > OR.
No changes in morphology and metal composition of M,C
carbide were detected during 2™ welding cycle, Fig. 9(b).

The state of precipitation formed during 2™ welding

cycle was also maintained during the 3 welding cycle. At
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higher temperatures 733 and 893 K additional precipita-
tion and growth of M,C particles were observed. Precipita-
tion of M,C particles was not experimentally detected, even
if it can be possible. Changes in metal composition of both
carbides as a function of the 3™ cycle maximum tempera-
ture are negligible, Fig. 9.

The achieved results confirmed that in the investigated
steel the M,C carbide is more sensitive to short-term high-
temperature changes evoked by simulated welding cycles
than M,C carbide. More significant changes in the occur-
rence, morphology and metal composition were detected
for the former carbide only.

4.3. Practical aspects of carbide evolution

In the previous paper'” the relationship between pa-
rameters of simulated welding cycles and values of absorbed
energy (achieved by Charpy impact test at 293 K) was dis-
cussed. Absorbed energies for states A and Al - A3 were
higher than for states B and B1 - B3, respectively. After the
31 welding cycle the local maximum of absorbed energy
was recorded at temperature 733 K (states A2 and B2). This
indicates that not only formation of M-A constituent':'?,
but also precipitation of M,C particles in C-rich M-A is-
lands evokes the reduction of absorbed energy in the inves-
tigated steel. The decrease in hardness HV 10 of M-A is-
lands with increasing maximum temperature of the 3 cycle,
Fig. 10, is a consequence of microstructure changes includ-
ing the growth of carbide particles'”. Hardness HV 10 of
the ferrite matrix is practically constant, Fig. 10, which in-
dicates negligible carbide changes outside of the M-A con-
stituent. The presented knowledge is progressive from the
welding parameter optimizing point of view.

5. Conclusions

The results of carbide evolution in SQV-2A low alloy
stee] during simulated welding cycles can be summarize as
follows:

(1) In the original and “affected” states the Fe-rich M,C
carbide and Mo-rich M,C carbide were identified.

(2) Besides Fe and Mo, Cr and Mn were also found in the
metallic part of both identified carbides.

(3) The M,C carbide was found to incur only small
changes during simulated welding cycles, except the
drastic reduction of its appearance in the microstruc-
ture during the 1% cycle.

(4) There were observed repeated dissolutions and pre-
cipitations (growths) of M,C particles during simu-
lated welding cycles accompanied by changes in the
carbide metal composition. It was confirmed that a
higher sensitivity of this carbide to short-term high-
temperature processes typical for welding existed.
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Figure 10 Hardness HV 10 of M-A constituent ( @ - state A,
B - state B) and ferrite matrix (O - state A,
[ - state B) as a function of 3" cycle maximum tem-
perature.

(5) It was shown that not only formation of M-A con-
stituent, but also precipitation of M,C particles evoke
the reduction of absorbed energy in the investigated
steel. ‘
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