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a b s t r a c t

Coarsening, embrittlement and corrosion sensitization in high temperature heat-affected zone (HTHAZ)
are the major problems when low carbon 12% chromium stainless steel is being welded, which induce
deterioration of the impact toughness at low temperature and intergranular corrosion resistance. This
study investigated the corresponding microstructures in HTHAZ with different chemical compositions
and heat inputs through thermal simulation tests. There are several primary conclusions: (1) When fer-
rite factor (FF) is above 9.0, the microstructure in HTHAZ is fully ferrite or a small amount of martensite
net likely distributing along delta ferrite grain boundaries. On the other hand, if FF is below 9.0, the mar-
tensite content increases with the decreasing of FF. (2) Heat input influences the microstructure of high
FF steel in HTHAZ. The martensite content and its distribution of low FF steel are not sensitive to heat
inputs, but the grain size grows up with the increase of heat inputs. (3) The coarse Ti-rich particles in
low FF steels containing Ti can promote intragranular austenite formation inside delta ferrite resulting
in packet morphology of martensite. On the other hand, martensite of low FF steels only stabilized with
Nb is characterized by grain boundary allotriomorphs, Widmanstätten structures and secondary saw-
teeth. This martensite reticularly distributes along ferrite grain boundaries.
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1. Introduction

Comparing with carbon steels and weathering steels, low car-
bon 12% chromium stainless steel has good corrosion resistance.
Although it has higher initial costs compared to carbon steels,
low chromium stainless steel provides lower total life costs due
to longer life with less coating renewals and lower maintenance,
which shows significantly economic and environmental advanta-
ges. 3CR12 stainless steel is known as the first generation of these
steels which conform to grades UNS41003 [1] and 1.4003 [2,3],
respectively, in ASTM A240, EN 10088-2 and EN 10028-7. It pro-
vides an alternative which displays both the advantages of stain-
less steels and engineering properties of carbon steel [4–6]. There
are several steels such as Nirosta 4003 supplied by ThyssenKrupp
Nirosta, 41003 and 409Ni produced by AK Steel, as well as 5CR12Ti
developed by Sandvik [7–10]. In recent years, TCS345 and T4003
have been developed by steel manufacturers in China for the appli-
cation of ferritic stainless steel in rail wagons [11], and the JFE has
also developed 410RW to meet customers’ demand [12]. The appli-

cations of these steels include rail transport, road transport, mate-
rials handling, petrochemicals and chemicals, power generation,
water and sewage treatment, telecommunication cabinets and
electrical enclosures [6–10].

The Fe–Cr equilibrium phase diagram is shown in Fig. 1, and the
contents of other elements are 0.015%C, 0.01%N, 0.3%Si, 1.5%Mn
and 1.0%Ni. The phase diagram of 12%Cr stainless steel is divided
into several fields: single delta ferrite phase field, delta ferrite
and austenite dual phase field, and single austenite phase field.
The dual phase field and single austenite phase field extend with
decreasing of the Cr content, while the range of single delta ferrite
phase field reduces and the transformation temperature of delta
ferrite to austenite tends to be higher. The austenite appearing at
high temperature effectively restricts the grain growth in HTHAZ.
Consequently, the weldability, especially the as-welded toughness
of these steels, is improved [13].

Mechanical properties and corrosion sensitization of welded
joints of these steels have been widely studied [4,12–18]. Based
on their studies, coarsening, embrittlement and corrosion sensiti-
zation in high temperature heat-affected zone (HTHAZ) are the
major problems when low carbon 12% chromium stainless steel
is being welded, which result in deterioration of the impact tough-
ness at low temperature and intergranular corrosion resistance.
Therefore, this study focuses on the microstructures in HTHAZ
with different chemical compositions and heat inputs.
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2. Experimental procedure

Chemical compositions of the steels used are given in Table 1.
The ferrite factors (FF) are calculated from the following equation
[18]:

FF ¼ Crþ 6Siþ 8Tiþ 4Moþ 2Alþ 4Nb� 2Mn� 4Ni� 40ðCþ NÞ:
ð1Þ

The tested steels were hot rolled into 6 mm thick plate, fol-
lowed by annealing at 993 K for 4 h. Welding thermal cycles of dif-
ferent heat inputs in HTHAZ were reproduced with Gleeble 3800
which is one of the best thermo-mechanical simulators developed
by Dynamic Systems Inc. Parameters of the welding thermal cycles
are shown in Table 2. Specimen size is 5 mm(thickness) �
10 mm(width) � 55 mm(length). Tested steels B, C, D and H were
welded by gas metal arc welding (GMAW) in order to compare
them with the thermal simulation test results. Welding conditions
are shown in Table 3.

Microstructures were observed with an optical microscope. The
percentage of martensite was measured with the image processing
software Photoshop 8.0. At first, the ferrite in one photo was se-
lected, and the corresponding pixels were counted. After the total
pixels of the picture were measured, the pixels of martensite could
be simply obtained by subtracting the pixels of ferrite from the pix-
els of the picture. Finally, the proportion of martensite was calcu-

lated through dividing the pixels of the picture by those of the
martensite.

3. Results

Martensite contents of these steels in HTHAZ at different heat
inputs are shown in Table 4. Fig. 2 shows a comparison of the re-
sults of the thermal simulation of B, C, D and H at the heat inputs
of 0.5 kJ/mm and 0.7 kJ/mm with the GMAW results at the heat in-
put of 0.6 kJ/mm. The thermal simulation results are consistent
with welding results; accordingly, the results of thermal simula-
tion tests are reliable.

3.1. Martensite content

The microstructure of higher FF steels in HTHAZ with very low
heat inputs is almost fully ferrite, as shown in Fig. 3a the micro-
structure of steel L whose FF equals to 9.71 at the heat input of
0.3 kJ/mm. Fig. 3b shows the microstructure of steel L at the high-
est heat input of 1.5 kJ/mm, and it consists of coarse delta ferrite
and a little martensite located at ferrite grain boundaries. Accord-
ing to Table 4, when the FF is above 9.0, the martensite content
obviously increases with heat inputs.

Fig. 4 shows the microstructure of steel C whose FF is 8.02.
Microstructure of low FF steel in HTHAZ consists mostly of mar-
tensite at different heat inputs. When the FF is below 8.24, the per-
centage of martensite at different heat inputs is higher than 90%.
Heat inputs have a weak effect on the martensite content and its
distribution of low FF steel in HTHAZ, but the grains grow up with
an increase of heat inputs. However, the proportion of martensite
in the steels, in which the FF is range from 8.35 to 8.8, rapidly in-
creases with heat inputs. The FF of steels F and G with Nb stabiliza-
tion are lower than steel H with Ti stabilization; however, its
martensite content is less than that of steel H.

3.2. Martensite distribution and morphology

When the percentage of martensite is lower, the martensite net
likely distributes along delta ferrite grain boundaries as shown in
Figs. 3b and 5a. In these two pictures, grain boundary allotriomorphs
are obviously observed. Secondary sawteeth and sideplates are also
found to grow from the allotriomorph structure. These martensite
morphologies are similar to the microstructure of 12%Cr steel ob-
served by Pryds and Huang [20]. Nevertheless, more secondary saw-
teeth and less secondary sideplates are found in Fig. 3b than those in
Fig. 5a. Martensite of 12%Cr stainless steel in HTHAZ with only Nb
stabilization reticularly distributes along ferrite grain boundaries.
Fig. 5b shows that martensite of steel F in the shape of a net distrib-

Fig. 1. Fe–Cr equilibrium phase diagram. (The other elements are 0.015%C, 0.01%N,
0.3%Si, 1.5%Mn and 1.0%Ni.)

Table 1
Chemical compositions of steels tested (wt.%, balance Fe).

Steel code C N Si Mn Cr Ni Nb Ti FF

A 0.011 0.010 0.39 0.99 12.10 1.00 0.00 0.00 7.62
B 0.034 0.013 0.3 1.64 11.46 0.78 0.00 0.33 7.62
C 0.026 0.011 0.28 1.61 11.56 0.79 0.00 0.33 8.02
D 0.014 0.006 0.37 1.47 11.22 0.98 0.07 0.25 8.08
E 0.013 0.010 0.34 1.37 11.50 0.93 0.00 0.26 8.24
F 0.012 0.008 0.35 1.11 12.07 0.98 0.28 0.00 8.35
G 0.010 0.008 0.35 1.14 11.27 0.93 0.49 0.00 8.61
H 0.014 0.009 0.30 1.60 11.60 0.78 0.00 0.33 8.80
I 0.004 0.009 0.33 1.59 11.49 0.76 0.00 0.32 9.29
J 0.012 0.006 0.20 1.50 11.02 0.96 0.00 0.59 9.38
K 0.015 0.011 0.12 1.92 11.11 0.97 0.57 0.52 9.51
L 0.013 0.008 0.25 1.53 11.15 0.98 0.32 0.45 9.71
M 0.008 0.006 0.54 1.06 11.92 0.61 0.075 0.00 10.32
N 0.012 0.007 0.47 1.13 11.77 0.52 0.05 0.11 10.57
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