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Abstract

The microstructure in welding heat-affected zones of 5 wt.% manganese steels was studied, and its effect on impact
toughness was analyzed. The simulated coarse-grained heat-affected zone (CGHAZ) had the lowest impact toughness of
~ 39 J at — 40 °C because of coarse-grained structure and least volume fraction of retained austenite (RA) of 1.2 vol.%.
The impact toughness of simulated intercritical heat-affected zone (ICHAZ) and fine-grained heat-affected zone (FGHAZ)
were ~ 165 and ~ 45 J, respectively, at — 40 °C. The effective grain size of simulated FGHAZ was smaller than that of
the simulated ICHAZ. Furthermore, microstructural investigation revealed that the simulated FGHAZ and ICHAZ had
similarity in volume fraction and stability of RA. However, tempered martensite was present in ICHAZ and absent in
FGHAZ. It is proposed that the presence of tempered martensite contributed to good impact toughness in simulated

ICHAZ.

Keywords 5 wt.% manganese steel - Welding heat-affected zone - Retained austenite - Tempered martensite -
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1 Introduction

Medium manganese steels (3—12 wt.% Mn) are receiving
significant attention as third-generation advanced high-
strength steels [1, 2]. It is suggested that medium-Mn steels
are potential candidates that meet the mechanical properties
by varying Mn content and intercritical annealing involving
austenite reverted transformation [3]. Mn is an important
alloying element in the design of advanced high-strength
steels, because it increases the stability of austenite and also
impacts the kinetics of transformation [4, 5]. Super low-
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carbon medium-Mn steels have been developed for the use
in ship hull, bridges, buildings, pressure vessels, and off-
shore structures [6] because of their excellent combination
of high strength and impact toughness at relatively low
temperature. Mn can significantly improve hardenability and
thereby enhance the homogeneity along the thickness in
terms of microstructure and properties of the mid-thick steel
plate [7, 8]. The desired microstructure is expected to be
dual-phase structure of metastable austenite (retained
austenite, RA) and martensite. Fine martensitic plates con-
taining high dislocation density contribute to strength. High
strain hardenability of RA provides ductility and toughness
[9-11]. It was demonstrated that the morphology and vol-
ume fraction of metastable austenite are governed by heat
treatment parameters, such as temperature, holding time and
cooling rate [12, 13].

In application of super low-carbon medium-Mn steel,
arc welding is a dominant joining technology for mid-
thickness plates. Welding thermal cycle is inevitable and
results in dramatic changes in the microstructure and final
mechanical properties, especially low-temperature impact
toughness in heat-affected zone (HAZ). Different welding
thermal cycles have different peak temperatures and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42243-019-00274-2&amp;domain=pdf
https://doi.org/10.1007/s42243-019-00274-2

762

JH. Li et al.

cooling rates. Increased cooling rate will lower A, and A3
temperatures [14, 15], which will lead to changes in the
composition of the microstructure [16, 17] and result in
stability of retained austenite [18-21]. Yoo et al. [22]
studied the correlation between microstructure and
mechanical properties of heat-affected zones in Fe-8Mn—
0.06C steel. They indicated that the existence of retained
austenite provided the beneficial effect on the impact
toughness. Coarse-grained heat-affected zone (CGHAZ)
was “localized embrittlement zone” due to the unde-
tectable austenite content and coarsening of the crystal
grains. Fine-grained heat-affected zone (FGHAZ) and
intercritical heat-affected zone (ICHAZ) were determined
by the different retained austenite content. However, the
evolution of microstructure, and especially retained
austenite by welding thermal cycles in medium-Mn steels
remained unclear. Therefore, it is necessary to investigate
microstructural evolution during welding thermal cycle to
correlate microstructure and impact toughness.

In the present study, the microstructural evolution
including RA and martensite by welding thermal cycle is
investigated in advanced low-carbon 5 wt.% manganese
steel. The change in impact toughness is elucidated based
on phase transformation and microstructural evolution.

2 Experimental procedure

The experimental material was an advanced SMn steel. The
chemical composition and mechanical properties are
shown in Tables 1 and 2. After quenching and intercritical
tempering, the microstructure consisted of tempered
martensite and 16.5 wt.% RA. DIL805SA dilatometer was
performed to measure the linear expansion-temperature
curve on heating. Start transformation temperature A.; and
finish temperature A.z on heating were measured to be
(626 £ 5) °C and (790 4 5) °C. The lever law was used to
estimate the volume fraction of austenite phase on heating.

Gleeble 3800 was used to simulate welding thermal
cycle and to produce weld HAZs. Specimens of dimensions
11 mm x 11 mm x 70 mm were prepared. Based on A
and A.; temperature obtained from dilatometry tests,
1320 °C was set to simulate CGHAZ, 840 °C for FGHAZ
and 710 °C for ICHAZ. The specific thermal simulation
processes are shown in Fig. 1.

Following the thermal cycling treatment, specimen
blanks were machined to final dimensions of 10 mm x

Table 1 Chemical composition of 5Mn steel (wt.%)

Table 2 Mechanical properties of 5Mn steel

Re1/MPa R./MPa Al% Yield ratio KV, (= 60 °C)/J

649 773 26 0.85 203

R, Yield strength; R, tensile strength; A elongation; KV, absorbed
impact energy
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Fig. 1 Thermal simulation curves

10 mm x 55 mm and notched. Impact energy at — 40 °C
was measured using a Charpy V-notch impact testing
machine.

Specimens for microscopic observations were cut from
the heat-treated sample blank. Optical microscopy was
performed to observe the microstructure using an Olympus
BX51M microscope, and the etchant used was 4 vol.%
nitric alcohol solution. The scanning electron microscope
(SEM) equipped with electron backscattered diffraction
(EBSD) was utilized to study the morphology and crys-
tallography of the matrix. EBSD samples were electrolyt-
ically polished after grinding and polishing. The electrolyte
was 5 vol.% perchloric alcohol solution, the voltage was
30 V, the current was 0.3 A, and the time was 40 s.
Transmission electron microscopy (TEM) was carried out
to study morphology and distribution of RA.

The grain size was determined using secant method. The
appropriate position in the selected metallographic photograph
is selected, and 3-5 line segments are drown. The length of the
line segment is not less than one-third of the metallographic
photograph to ensure that enough grains are measured. The
grain size (D) is given by the following equation:

C Si Mn S P

Ni Cr Mo Fe

0.06 0.20 5.10 < 0.0012

< 0.009 0.27 0.35 0.15

Balance
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D =L/(MN) (1)

where M is the magnification; N is the number of grains;
and L is the length of the line segment.

The volume fraction of RA in thermally cycled speci-
mens was determined using an X-ray diffractometer. The
following equation was used to calculate the volume
fraction V.:

1
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Lyt

Vy = (2)
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Fig. 2 Impact toughness in simulated HAZs at — 40 °C

where I, Was intensity of martensitic crystal diffraction
peaks; I, Was intensity of austenite crystal diffraction
peaks; and G was corresponding factor ratio of integrated
intensities.

3 Results
3.1 Impact toughness in simulated HAZs

Figure 2 shows the impact toughness of simulated HAZs.
The simulated CGHAZ had the lowest average absorbed
energy of 39 J. For simulated FGHAZ, the mean absorbed
energy was 45 J, which is slightly higher than that of the
simulated CGHAZ. The highest average absorbed energy of
165 J was in the simulated ICHAZ. The mechanical prop-
erty is determined by microstructure. Thus, the microstruc-
tural changes in the simulated HAZs were investigated.

3.2 Microstructure of simulated HAZs
The microstructures of simulated CGHAZ, FGHAZ and

ICHAZ are martensite, as shown in Fig. 3. It can be seen
that the prior austenite grain is larger in CGHAZ than in

Fig. 3 Optical micrographs of simulated CGHAZ (a), FGHAZ (b) and ICHAZ (c¢)
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FGHAZ and ICHAZ. However, martensite is classical lath-
type structure, and its effective grain size is needed to
be detected by EBSD.

3.3 Effective grain size in simulated HAZs

For lath-type martensite, the effective grain size is
characterized by the block size [23] with grain bound-
aries larger than 15°. Figure 4a shows that there were
several packets in simulated CGHAZ, and the packets
involved blocks. The block width was measured to
be ~ 0.8-1.6 pm in packet 1 and ~ 1.6-2.4 pm in
packet 2, respectively. Figure 4b revealed that the grain
size was fine in simulated FGHAZ, and there was no
packet with large-angle boundary in grain. In simulated
ICHAZ, the maximum block width was ~ 3.2 um and
minimum was ~ 0.4 pm. Figure 4g shows that the fre-
quency of the large-angle grain boundary larger than 15°
of simulated CGHAZ was lower than those of simulated
FGHAZ and ICHAZ. Moreover, the frequency of large-
angle grain boundary larger than 15° of simulated
FGHAZ was greater than that of simulated ICHAZ,
indicating that the effective grain size of simulated
FGHAZ was smallest.

3.4 Volume fraction of RA in simulated HAZs

On subjecting to welding thermal cycling, RA is expected
to alter in the simulated HAZs. X-ray diffraction (XRD)
results of measurement of RA in simulated HAZs are
given in Fig. 5. Only 1.2 vol.% austenite was detected in
the simulated CGHAZ. Austenite peak in simulated
FGHAZ and ICHAZ was clear, and the peak intensity
was similar. The austenite content in simulated FGHAZ
and ICHAZ was measured to be 11.6 and 11.5 vol.%,
respectively.

3.5 Distribution and morphology of RA
in simulated HAZs

Figure 6 shows that thin film-like structure was present
along the martensite laths. In simulated FGHAZ, the
thickness was ~ 100-130 nm. By selected area diffraction
pattern (SADP, shown in Fig. 6d), the film-like structure
was identified to be face centered cubic.

Similarly, thin film-like structure was observed along
the martensite laths (Fig. 7). In simulated ICHAZ, the
thickness was ~ 100-125 nm thinner than that in simu-
lated FGHAZ. The diffraction pattern confirmed the film-
like structure to be face centered cubic. TEM
results demonstrated that the morphology of RA was
similar in simulated FGHAZ and ICHAZ.

@ Springer

3.6 Distribution of Mn and Ni in RA

The distribution of Mn and Ni concentrations in RA
(Fig. 8) in simulated FGHAZ and ICHAZ was studied to
estimate the stability of RA. The concentration of Mn
increased from the interface between martensite and
retained austenite to the core of retained austenite. The
maximum concentration in the austenite core was 8.89 and
8.75 wt.% in simulated FGHAZ and ICHAZ, respectively.
Small enrichment of Ni in austenite was seen in simulated
FGHAZ, while no enrichment of Ni was present in simu-
lated ICHAZ. Mn and Ni concentrations in austenite
implied similar stability of RA in simulated FGHAZ and
ICHAZ [18, 19]. Until now, no distinct changes in volume
fraction, morphology and stability of RA were observed in
simulated FGHAZ and ICHAZ.

3.7 Martensite in simulated HAZs

Figure 9a shows that the microstructure of simulated
FGHAZ mainly consisted of fresh martensite. The fresh
martensite was characterized by long and straight laths and
clear lath boundaries. The microstructure in simulated
ICHAZ (Fig. 9b) consisted of tempered martensite and
fresh martensite. At the peak temperature of 710 °C,
martensite partially reversed into austenite and untrans-
formed martensite was tempered. During subsequent
cooling, significant amount of reversed austenite trans-
formed into fresh martensite. Thus, fresh martensite and
tempered martensite were obtained. Therefore, simulated
FGHAZ mainly consisted of fresh martensite, while sim-
ulated ICHAZ consisted of both fresh and tempered
martensite.

4 Discussion

4.1 Effect of effective grain size on impact
toughness

The simulated CGHAZ had the lowest impact toughness of
~ 39 J, compared to ~ 45 J in the simulated FGHAZ and
~ 165 J in simulated ICHAZ.

On subjecting to welding thermal cycle at the peak
temperature of 1320 °C, transformation to austenite occurs
and austenite grains grow. Thus, coarse grains and the
lowest frequency of large-angle grain boundaries were
present in simulated CGHAZ. In simulated FGHAZ,
although transformation to austenite was complete,
austenite grains cannot grow at the peak temperature of
840 °C, which is slightly above A.;. Thus, fine-grains were
observed in the simulated FGHAZ. In simulated ICHAZ,
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120 partial reverse transformation to austenite took place dur-
—— CGHAZ-1.2% . .
— FGHAZ-11.6% ing welding thermal cycle at the peak temperature between
100 | ICHAZ-11.5% A.; and A.;. Fine-grained structure was also observed in
(110)c: simulated ICHAZ.

5 80 - Effective grain size is an important factor affecting the

g’\ impact toughness. According to previous studies [24], the

‘é 60 - cleavage fracture strength conforms to the Hall-Petch
ié) sl Giis relationship and can be expressed as:

e e o = Kidyy (3)

200 (20037 where d.g is the effective grain size that affects the impact

0 | _ toughness; oy is the yield strength; and K; is the constant,

20 40 60 80 100 120 which is related to the nature of the material and the grain

20/ size. The smaller the effective grain size, the superior the

impact toughness is. The effective grain size of simulated
Fig. 5 XRD patterns of SMn steel in simulated HAZs
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Fig. 6 TEM images of RA in simulated FGHAZ. a Distribution and morphology of RA; b bright-field TEM image of RA; ¢ dark-field TEM
image of RA; d SADP of RA structure
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FCC[011]

Fig. 7 TEM images of RA in simulated ICHAZ. a Distribution and morphology of RA; b bright-field TEM image of RA; ¢ dark-field TEM

image of RA; d SADP of RA structure

CGHAZ was largest compared to those of simulated
FGHAZ and ICHAZ, resulting in low impact toughness.
Although the effective grain size of simulated FGHAZ
was smaller than that of simulated ICHAZ, the impact
toughness of simulated ICHAZ was higher than that of the
simulated FGHAZ. The effect of volume fraction and
stability of RA needs consideration to explain toughness.

4.2 Effect of volume fraction and stability of RA
on impact toughness

Volume fraction of RA effectively affects the impact
toughness [25, 26]. During the impact process, the
austenite transforms into martensite (transformation-in-
duced plasticity effect), alleviating the strain concentration

in the martensite lath [21, 27]. On the other hand, the newly
formed martensite with high hardness provides more sec-
ond phase interface. It is conducive to the formation of
dimples, which in turn helps to enhance the crack propa-
gation work during the impact process [28]. Thus, the
stress is relieved and the crack is blocked resulting in
improvement of cryogenic impact toughness. XRD result
showed that simulated CGHAZ contained only 1.2 vol.%
RA, while simulated FGHAZ and ICHAZ had the high RA
of 11.6 and 11.5 vol.%, respectively. In respective of vol-
ume fraction, simulated CGHAZ had the lowest impact
toughness.

The stability of RA is another important role in affecting
the impact toughness. In the impact process, the more
stable RA, less likely it will transform to martensite. The
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Fig. 8 EDS line-scan along green line in RA of simulated FGHAZ and ICHAZ

stable RA can greatly enhance the plastic deformation
ability prior to initiation of crack, such that more energy is
required to initiate cracks, and obtain excellent impact
toughness [21]. It has been shown that element enrichment
and size affect the stability of RA [18, 29]. In the present
study, maximum Mn concentration in the core of RA was
8.89 wt.% in simulated FGHAZ and 8.75 wt.% in simu-
lated ICHAZ. Ni was not enriched in the core of RA. The
size of RA in simulated ICHAZ was smaller compared to
that in simulated FGHAZ. Thus, it can be expected that the
stability of RA in simulated ICHAZ was slightly greater
than that in the simulated FGHAZ. However, the impact
toughness of simulated ICHAZ was apparently superior
than that of simulated FGHAZ. Thus, the effect of phase
composition on impact toughness merits consideration.

@ Springer

4.3 Effect of phase constitution on impact
toughness

The content of reversed austenite was studied by dilatom-
etry. The tested specimen was cut from the quenched steel.
From the dilatation—temperature curve, the volume fraction
of the austenite at different temperatures was calculated
using Eq. (4):

V = (AL — AL,)/(AL, — AL)) (4)

where V is the austenite volume fraction; AL, and AL,
represent the extrapolated dilatations in the low-tempera-
ture and high-temperature range, respectively; and AL rep-
resents the extrapolated dilatations at temperature 7. The
austenite volume fraction as a function of temperature
determined by dilatometry is presented in Fig. 10b.
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g. 9 SEM micrographs of simulated FGHAZ (a) and ICHAZ (b)
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Fig. 10 Schematic of simulated welding thermal cycle (a) and
variation of austenite volume fraction with temperature (b)

Schematic of welding thermal cycle corresponding to
the volume fraction of austenite is plotted in Fig. 10. In the
case of simulated FGHAZ, transformation to austenite was
completed at the peak temperature of 840 °C. On subse-
quent fast cooling, 11.6 vol.% reversed austenite was
retained, and 88.4 vol.% reversed austenite transformed to
fresh martensite. For simulated ICHAZ, reverse transfor-
mation partially occurred at the peak temperature of
710 °C. Non-reversed martensite was tempered. Subse-
quently, besides 11.5 vol.% of RA, only small part of
reversed austenite was transformed to fresh martensite on
subsequent cooling. Fresh martensite has a high dislocation
density and high distortion energy, in a manner similar to
quenched martensite, which promotes the formation and
propagation of crack during impact, thereby greatly
reducing the toughness [29, 30]. Tempered martensite can
hinder the expansion of crack [31]. Therefore, toughness is
increased, such that the impact toughness of simulated

.

Tempered martensite

Fresh martensite

S

ICHAZ was significantly better than that of the simulated
FGHAZ.

5 Conclusions

1. Simulated CGHAZ had a lower absorbed energy of
~ 39 J at — 40 °C and was a consequence of coarse-
grained structure and least volume fraction of retained
austenite of 1.2 vol.%.

2. Simulated FGHAZ had the smallest effective grain size
and simulated ICHAZ and FGHAZ had similar volume
fraction of retained austenite and similar stability of
RA. However, simulated ICHAZ had higher absorbed
energy of ~ 165 J compared to ~ 45 J of simulated
FGHAZ.

3. The good impact toughness in simulated ICHAZ is
attributed to higher content of tempered martensite
compared to simulated FGHAZ.
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