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a b s t r a c t
Flux-cored wire for surfacing hot-rolling supporting roller was developed and the specimens of surfacing layers
were tempered at different temperatures. In order to characterize the high-alloy martensite in the surfacing layer
during the tempering process, the microstructure and phase structure of the surfacing layer were analyzed,
respectively. The nanoindentation hardness and phase transformation temperature of the high-alloy martensite
were measured. The crystal structure of each phase was analyzed. The results show that the microstructure of the
as-welded surfacing layer consists of martensite and retained austenite. Meanwhile, the high-alloy martensite
with white reticular morphology is distributed on the crystal boundary. With increase of the tempering temperature, the high-alloy martensite disappears gradually, and the black reticular microstructure ﬁnally appears
when the tempering temperature is 650 °C. The high-alloy martensite, whose average nanoindentation is
14.33 GPa, shows bulk morphology in ﬁeld emission scanning electron microscope and starts to dissolve in
the matrix at 420 °C. The contents of the alloy elements in the high-alloy martensite are higher than those in
the normal one. However, the former decrease rapidly after tempering at 650 °C. The high-alloy martensite
shows the body-centered tetragonal crystal structure, and the c-axis of the high-alloy martensite is longer
than that of the normal one.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Hot-rolling supporting roller is a key workpiece during rolling production, which plays an important role in supporting the hot-rolling
work roller. Therefore, the quality of the hot-rolling supporting roller
affects not only its service life, but also the quality and production efﬁciency of hot-rolled products indirectly [1].
During its work process, the hot-rolling supporting roller bears
mechanical load, thermal load, and friction load. After being in service
for a period of time, it may fail due to thermal fatigue [2] and excessive
attrition [3].
The failed hot-rolling supporting roller can be repaired by the surfacing (surface-welding) method to restore its dimension and shape
[4], and to obtain higher performance [5]. When traditional welding
materials were employed for surfacing the failed hot-rolling supporting
roller, higher strength and hardness of the as-welded surfacing layer
can be obtained. However, after being tempered for some time, the
hardness of the surfacing layer decreases largely [6], which can no
longer meet the mechanical property requirements of the hot-rolling
supporting roller [7].
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R.R. DeAvillez [8] demonstrated that if large amount of alloy
elements such as Cr, Mn, Mo, Ni, and V exist in the steel, the retained
austenite and martensite exist stability in the surfacing layer during
the tempering process, and dissolved until the higher temperature.
S. Saduman [9] indicated that stabilized retained austenite and martensite ensured the steel with high anti-tempering properties, which
keep its higher hardness when the hot-rolling supporting roller worked
at higher temperature. Moreover, the mechanical properties such as
strength [10], hardness [11] and corrosion resistance [12] of the martensite with high alloy content (high-alloy martensite) are higher
than those of the normal martensite had been reported.
The development of the hot-rolling supporting roller material is
characterized by the composition with higher alloy element content
[13], specially with higher Cr content [14]. Therefore, based on the composition of the hot-rolling supporting roller, a new kind of ﬂux-cored
wire with high alloy element additive was developed. Then, the

Table 1
Chemical composition of steel H08A (wt.%).
C

Mn

Si

Cr

Ni

S

P

Fe

≤0.1

0.3–.5

≤0.03

≤0.2

≤0.3

≤0.03

≤0.03

Balance
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Table 2
Chemical composition of steel Q235 (wt.%).
C

Si

Mn

P

S

Fe

≤0.18

0.12 ~ 0.30

0.35 ~ 0.80

≤0.04

≤0.04

Balance

tempering process, which can provide theoretical foundation for developing a new kind of ﬂux-cored wire for surfacing hot-rolling supporting
roller.

2. Experimental procedure
2.1. Materials

Table 3
Chemical composition of the hardfacing metal (wt.%).
C

Si

P

S

Cr

Ni

Mo

V

Mn

Fe

0.186

0.94

0.0089

0.029

5.92

3.05

2.14

0.425

1.52

balance

surfacing layers were tempered at different temperatures. By observing
the microstructure and analyzing the phase structure, the high-alloy
martensite in the surfacing layer was characterized during the

Flux-cored wire for surfacing the hot-rolling supporting roller was
manufactured. The core powders were composed of ferrosilicon,
ferrochrome, ferromanganese, and so on. The outer steel of the wire
was made of low carbon steel H08A manufactured by Tangshan Iron
and Steel Company, with chemical composition listed in Table 1. During
the production process of the ﬂux-cored wire, the amount of coated
ﬂour is 46–48 wt.%, the dimension of the used core powder is 40–60
mesh, the width of steel band is 12 mm and the ﬁnal diameter of the
welding wire is 3.2 mm.

Fig. 1. a) Microstructure and b) XRD of the hardfacing metal as-welded.

Fig. 2. Microstructures of the hardfacing metals tempered at a) 350 °C, b) 450 °C, c) 550 °C and d) 650 °C.

J. Yang et al. / Surface & Coatings Technology 219 (2013) 69–74

71

2.2. Experimental methods
Base metal for the welding surface was prepared from low carbon
steel plate of Q235, whose chemical composition is listed in Table 2.
Three layers were welded onto the surface of each specimen. The
chemical composition of the surfacing layer is listed in Table 3.
In order to analyze the effect of the tempering temperature on the
white reticular microstructure, the surfacing specimens were heated
to 350 °C, 450 °C, 550 °C, and 650 °C respectively, and then cooled
to ambient temperature in the furnace after holding for 120 min.
After being metallographically polished, the surfacing layers were
etched with 4% nitric acid alcohol. The microstructure of the specimen was characterized by an Axiovert 200 MAT optical microscope (OM) and a Hitachi S4800 ﬁeld emission scanning electron
microscope (FESEM) equipped with an energy dispersive X-ray spectrometry (EDS). The phase structure was determined by X-ray diffraction
(XRD) using a D/max-2500/PC diffractometer. The nanoindentation
of the white reticular microstructure in the surfacing layer was
measured using a Hysitron PI-85 nanoindentation tester. The
crystal structure of each phase was examined by a JEOL ARM-200F
transmission electron microscope (TEM). The phase transformation
temperature of the surfacing layer during tempering process was
obtained by STA 449C differential scanning calorimeter (DSC). All of
the experiments were carried out in State Key Laboratory of China
Metastable Materials.

Fig. 4. Nanoindenting hardness graph of the hardfacing metal tempered at 350 °C.

3. Results and discussions
3.1. Identiﬁcation of the white reticular microstructure in the surfacing
layer
3.1.1. Microstructure and phase structure of the as-welded surfacing
layer
The microstructure of the as-welded surfacing layer is shown in
Fig. 1(a). From Fig. 1(a), it consists of black needle martensite (the
normal martensite), retained austenite and some white reticular
microstructures distributed uniformly on the crystal boundary in the
surfacing layer.
Fig. 1(b) illustrates the XRD pattern of the as-welded surfacing
layer, revealing α-Fe and γ-Fe. Combined with Fig. 1(a), it shows
that the microstructure of the as-welded surfacing layer consists of
martensite and retained austenite.

3.1.2. Microstructures and phase structures of the surfacing layers at
different tempering temperatures
The microstructures of the surfacing layers tempered at different
temperatures, 350 °C, 450 °C, 550 °C, and 650 °C, respectively, are
shown in Fig. 2. When the tempering temperature is 350 °C, tempered

Fig. 3. X-ray diffraction patterns for hardfacing metals tempered at a) 350 °C and
b) 650 °C.

Fig. 5. DSC curve of the hardfacing metal on the heating process after quenched.
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Fig. 6. FESEM of a) hardfacing metal, b) white reticular martensite and c) normal martensite.

needle-shaped martensite and a little retained austenite can be found in
the grains, while the white reticular microstructure is distributed on the
crystal boundary obviously. With increase of the tempering temperature, as shown in Fig. 2(b), (c) and (d), the white reticular microstructure decreases gradually. When the tempering temperature is 650 °C,
the white reticular microstructure dissolves completely and is replaced
by the black one.

Fig. 3 illustrates the X-ray diffraction patterns for the surfacing
metals tempered at 350 °C and 650 °C. As shown, when the tempered
temperature is 350 °C, α-Fe and γ-Fe exist in the surfacing layer, in
which the γ-Fe is retained austenite and the α-Fe may be either the
martensite without transformation or the tempered martensite after
transformation. When the tempered temperature reaches 650 °C,
γ-Fe disappears completely, only α-Fe exists in the surfacing layer.
From Fig. 2, it can be seen that a large amount of white reticular
microstructure exists in the surfacing layer tempered at 350 °C, whose
amount decreases gradually with increase of the tempering temperature. When the tempering temperature is 650 °C, it disappears
completely. As well known, the temperatures, at which carbides start
to dissolve is above 1000 °C [15,16], which means that it is impossible
for the white reticular microstructure to dissolve in matrix when the
temperature increases from 350 °C to 650 °C, so the white reticular
microstructure could be retained austenite or martensite, instead
carbides.

3.1.3. Nanoindentation of the surfacing layer
Fig. 4 illustrates the nanoindentation graph of the white reticular
microstructure existing in the surfacing layer after tempered at
350 °C. Four points were tested and the average nanoindentation of
the white reticular microstructure is 14.33 GPa.
J.M. Jungk [17] indicated that the nanoindentation range of martensite was from 13.45 GPa to 15.47 GPa and that of retained austenite was
from 2.78 GPa to 4.89 GPa. It is obvious that the nanoindentation of the
white reticular microstructure is among the range of martensite, rather
than retained austenite, so it can indentify that the white reticular
microstructure is martensite instead of retained austenite.

Table 4
Chemical compositions of white reticular martensite and normal one in hardfacing
metal as-welded (wt.%).
Elements

Fig. 7. EDS of a) white reticular martensite and b) normal martensite in hardfacing
metal.

C

Si

S

P

Cr

Mn

Ni

Mo

V

Fe

White reticular 2.14 1.88 0.31 0.27 7.34 3.66 3.56 2.44 0.89 Balance
martensite
Normal
1.28 2.01 0.42 0.58 6.14 2.85 2.92 1.84 0.68 Balance
martensite
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Fig. 8. a) FESEM and b) EDS of high-alloy martensite in hardfacing metal tempered at 650 °C.

3.2. Characterization of the high-alloy martensite in the surfacing layer
3.2.1. DSC curve of the surfacing layer
Fig. 5 illustrates the DSC curve determined during the tempering
process after quenching. As shown in Fig. 5, a clear exothermic peak
appears on the DSC curve when the tempering temperature is 420 °C.

Table 5
Chemical compositions of high-alloy martensite and normal one tempered at 650 °C
(wt.%).
Elements

Si

S

P

Cr

Mn

Ni

Mo

V

Fe

White reticular
martensite
Normal martensite

2.21

0.33

0.42

5.78

2.42

2.87

1.86

0.57

Balance

1.94

0.28

0.52

6.21

3.04

3.13

2.05

0.72

Balance

Combined with Fig. 2, it can be concluded that the temperature at
which the martensite starts to dissolve is 420 °C.

3.2.2. FESEM of the surfacing layer
Fig. 6 shows the FESEM of the as-welded surfacing layer. From Fig. 6,
white reticular martensite is lamellar, while the normal one is irregular
needle. In order to analyze the difference in composition of the two
kinds of martensites, EDS analysis was used. Fig. 7 illustrates the EDS
of the above mentioned martensite, and Table 4 presents the corresponding data. As shown in Fig. 7 and Table 4, besides the content of
C, the contents of alloy elements such as Cr, Mn, Ni, Mo, and V in
white reticular martensite are clearly higher than those in normal
martensite, so the white reticular martensite is taken as high-alloy
martensite.

Fig. 9. High resolution transmission electron micrographs and Diffraction patterns of a), c) high-alloy martensite and b), d) normal martensite.
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Table 6



Distances of 121 lattice plane and lattice constants of the high-alloy martensite and

calculated, as listed in Table 6, which indicates that the c-axis of the
high-alloy martensite is longer than that of the normal one.

the normal one.


Distance of 121
lattice plane/Å
High alloy martensite
Normal martensite

1.1748
1.1734

Lattice
constant a/Å

Lattice
constant c/Å

2.846
2.854

3.053
2.983

Fig. 8 demonstrates the FESEM and EDS of the high-alloy martensite in the surfacing layer after tempered at 650 °C. In Fig. 2(d), which
was observed by OM, the white reticular high-alloy martensite is
replaced by the black one. However, compared with Figs. 6(a) and
8(a), the morphology does not change obviously of the high-alloy
martensite when the tempering temperature is 650 °C.
The compositions of the high-alloy martensite and normal one
tempered at 650 °C are listed in Table 5. Compared Table 4 with
Table 5, the high-alloy martensite tempered at 650 °C contains the
lower alloy content than that tempered at 350 °C. The total content
of all alloy elements decreases from 17.89% to 13.5%, among which
the Cr content decreases the most signiﬁcantly. In contrast, the content
of alloy elements in the normal one increases slightly.
The higher Cr content of high-alloy martensite leads to its excellent
corrosion resistance, so the high-alloy martensite is bright in as-welded
surfacing layer. With increase of the tempering temperature, the
high-alloy martensite dissolves gradually, accompanied by deteriorating corrosion resistance due to the decreases in Cr content. Therefore,
the high-alloy martensite distributed on the crystal boundary exists as
black reticular morphology with lower corrosion resistance after
tempering.
3.2.3. TEM images of the surfacing layer
In order to analyze the difference in lattice types between
the high-alloy martensite and the normal martensite, their high resolution transmission electron micrographs in the surfacing layer were
observed, which are shown in Fig. 9(a) and (b). Compared with Fig. 2,
the high-alloy martensite is reticular when it is observed by lower
resolution OM and lumpy by higher resolution TEM. While the normal
martensite is needle-like and board-like when they were observed by
OM and TEM, respectively.
Fig. 9(c) and (d) illustrates the diffraction patterns of the high-alloy
martensite and the normal martensite. After calibrating the diffraction
patterns, the structures of the high-alloy martensite and the normal


one are both body-centered tetragonal. The distances of 121 lattice
plane and the lattice constants of the two kinds of martensites are

4. Conclusion
1. The as-welded surfacing layer consists of martensite and retained
austenite. Meanwhile, the high-alloy martensite with white reticular morphology is distributed on the crystal boundary. When the
tempering temperature is 350 °C, no phase transformation occurs
in the surfacing layer. However, the high-alloy martensite disappears
gradually with the increase of the tempering temperature, and ﬁnally appears as a black network when the tempering temperature is
650 °C.
2. The nanoindentation hardness of the high-alloy martensite is
14.33 GPa and the high-alloy martensite starts to dissolve in the
matrix at 420 °C.
3. The high-alloy martensite is lumpy while the normal one is boardlike when they are observed by TEM. The alloy element content of
the high-alloy martensite is higher than that of the normal martensite. After tempering at 650 °C, the morphology of the high-alloy martensite does not change obviously, while the total content of alloy
element decreases rapidly.
4. Both the high-alloy martensite and the normal one are bodycentered tetragonal. The lattice constants c of them are 3.053 Å and
2.983 Å, respectively, which shows that the c-axis of the high-alloy
martensite is longer than that of the normal one.
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