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Abstract:A high speed steel (HSS) was studied for rollers in this work. The steel was quenched at 1150°C and tempered
at 520°C. The phase structures of the steel were determined by X-ray diffraction (XRD), and the hardness of specimens
was measured. The volume fraction of carbides was counted by Image-Pro Plus software. The typical microstructures
were observed by field emission scanning electron microscope (FESEM). Stable and meta-stable carbides were deduced by
removing the existing phases one by one in the Fe-C equilibrium calculation. It is found that the precipitated carbides
are bulk-like MC, long stripe-like M2C, fishbone-like MgC, and daisy-like M7Cs during the tempering process. The stable

carbides are MC and MgC, but the meta-stable ones are MsC, M7Cs, and M3C.
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1. Introduction

With the rapid development of the steel industry and
the continuous improvement of rolling technology, the ex-
cellent performances of rollers are required urgently [1-3].
The high speed steel (HSS) have been widely applied in
roller manufacturing and made a breakthrough because of
its good service performances [4-5].

At present, researches on HSS focus on molding tech-
niques [6-7], the effects of alloy elements [8-9] and carbides
on the roller performance, as well as the crack formation
in HSS rollers [10]. However, the comprehensive properties
of HSS, such as hardness, wear resistance, and red hard-
ness, are closely related with the tempering process. After
the tempering treatment, martensite decomposes and car-
bides precipitate, accompanying by the transformation of
retained austenite in HSS. Meanwhile, the secondary hard-
ening phenomenon appears [11]. Therefore, it is significant
to investigate the behavior of morphology, distribution,
and precipitation of carbides in HSS during the temper-

ing process. HSS for roller contains many alloy elements,
such as W, Mo, Cr, and V, which can form carbides as MC,
M2C, MgC, M7Cs, M23Cg, and M3C. The types of precip-
itated carbides can be decided by the composition of HSS.
For a powder metallurgical HSS, ASP 23, tiny MC and
M,C distribute in the matrix uniformly after tempering,
and other carbides are not found [12]. However, the car-
bides precipitate unsimultaneously during the tempering
process. Yamasaki [13] indicated that meta-stable carbides
precipitated first, and then other stable carbides formed,
accompanying by the dissolution of existing meta-stable
carbides. Stable carbides can remain and meta-stable car-
bides change with temperature. Therefore, stable carbides
make a great effect on the secondary hardening directly,
while meta-stable carbides affect on that negatively, and
finally influence the roll performance.

At present, few researches were made about stable
and meta-stable carbides precipitated during the temper-
ing process and it was difficult to distinguish from each
other by experiment. Therefore, Thermo-Calc software,
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which can calculate alloy phase diagrams, was used. Meta-
stable phase might appear after removing one or some ex-
isting phases from the equilibrium isopleths by Thermo-
Calc, which was an effective method for analyzing the
meta-stable equilibrium [13]. Therefore, different kinds of
carbides precipitated in HSS during the tempering process
were determined and predicted in this work, and stable
and meta-stable carbides were also distinguished from each

other.

2. Experimental

1. Materials

The experimental material was taken from a new HSS
used for rollers, which was manufactured by centrifugal
casting technology. The chemical composition of HSS for
rollers is listed in Table 1.

Table 1. Chemical composition of HSS wt%
C Cr Mo \% Si Nb Mn Fe
1.4-1.5 4-5 4.5-5.0 3-4 1-1.5 0.6-1.0 0.8-1 Bal.
2.2. Method hardness of the matrix after quenching at 1150°C and then

Specimens with the dimension of 13 mm X 9 mm
X 9 mm were first put into a crucible with the surfaces
coated by the anti-oxidization coating Mp120, heated up
to 1000°C at 20°C/min and 1360°C at 12°C/min, held for
5 min, and then quenched quickly into water after cooled
to 1150°C in the furnace, finally tempered at 520°C af-
ter quenching. The phase structures of HSS for rollers
were determined by a D/max-2500/PC X-ray diffractome-
ter (XRD). The hardness of the specimens was measured
by HR-150A Rockwell hardness test. The volume fraction
of carbides was counted by Image-Pro Plus software. The
typical microstructures were observed by an S4800-11 field
emission scanning electron microscope (FESEM) with en-
ergy disperse spectroscopy (EDS).

2.3. Calculation method

The Fe-C isopleths and the relationship between mass
fraction and temperature of all phases at 1150°C were cal-
culated by Thermo-Calc according to the chemical compo-
sition of HSS for rollers.

3. Results and discussion

3.1. XRD analysis of HSS after quenching and
tempering

Figs. 1(a) and (b) are X-ray diffraction patterns of
HSS for rollers after quenching at 1150°C and then temper-
ing at 520°C. In Fig. 1, the peak of martensite decreases
after tempering, because the martensite decomposes into
tempered martensite and carbides. MC and MgC increase
due to their precipitation from the matrix. In the position
of 20 = 38.7°, the peak of M2C increases. Meanwhile, the
small peaks of M7Cs and M3C appear. Compared with
the quenching process, it is known that the carbides MC,
M2C, MgC, M3C, and M7Cs in HSS precipitate from the
matrix after the tempering process.

3.2. Hardness study of HSS after quenching
and tempering

Table 2 lists the volume fraction of carbides and the

tempering at 520°C. From Table 2, the volume fraction
of carbides quenched at 1150°C is 7.466%, which reaches
8.462% after tempering at 520°C. The reason is that a
large quantity of secondary carbides precipitate from the
matrix and distribute dispersedly after tempering, result-
ing in the increase in volume fraction of carbides. Because
of these small secondary carbides precipitated from the
matrix and the “secondary quenching” of residual austen-
ite after tempering, the secondary hardening appears and
the hardness increases from HRC 56.5 after quenching at
1150°C to HRC 58.2 after tempering at 520°C.
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Fig.1. XRD patterns of carbides in HSS after quench-
ing at 1150°C (a) and then tempering at 520°C (b).

3.3. FESEM observation of HSS after temper-
ing

The typical morphologies and EDS patterns of car-
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Table 2. Volume fraction of carbides and hardness of the matrix

Heat treatment Volume fraction of carbides / % Matrix hardness, HRC
1150°C quenching 7.466 56.5
1150°C quenching + 520°C tempering 8.462 58.2

fraction of Mo reaches 38.49% and the contents of Cr, V,
and W are relatively high according to the EDS result in
Fig. 3(b). The MgC carbide in Fig. 4(a) has a special

bides in HSS, quenching at 1150°C and tempering at
520°C, were observed and analyzed by FESEM with

EDS. fishbone-like morphology and the high contents of Mo and

From Fig. 2(a), the precipitated MC carbide is bulk- Fe according to the EDS spectrum in Fig. 4(b). Yang et
like in shape. The V content of this carbide is high accom- al. [15] once reported that MgC had a face center cubic
panied by a certain amount of Nb. The atomic ratio of C (FCC) crystal structure with a lattice parameter a = 110
to other elements is ~1:1 from the EDS spectrum in Fig. nm, which was rich in W or Mo and contained Fe and Cr.

2(b). Serna and Rossi [14] investigated carbides in AISI From Fig. 5, the M7Cs carbide with a daisy-like shape
M2 high speed steel and found the bulk-like MC carbides contains a certain amount of Cr and Mo. Refs. [16] and
enriched with V element. From Fig. 3(a), the morphol- [17] point out that M7Cs is a Cr-rich carbide, and Fe and
ogy of M2C carbide is a long stripe-like shape. The mass Mo are also soluble in this carbide.
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Fig. 2. Typical morphology (a) and EDS spectrum (b) of bulk-like MC.
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Fig. 3. Typical morphology (a) and EDS pattern (b) of stripe-like M>C.
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Fig. 4. Typical morphology (a) and EDS pattern (b) of fishbone-like MgC.
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Fig. 5. Typical morphology (a) and EDS pattern (b) of daisy-like M7C3.

3.4. Analysis of stable and meta-stable carbid-
es in HSS during tempering

The Fe-C isopleths of HSS calculated by Thermo-Calc 1500
are shown in Fig. 6. From Fig. 6, it is known that fer-
rite (a) + MC + MgC + M23Cs exists in HSS when it
is cooled to room temperature at the equilibrium state.

L 1350°C L + MC

L%

MC + M,C

¥+ MC +|M,C + M,,C,

L +a+ MC

It is also seen that the equilibrium phases at 1150°C are 1200
austenite (y) + MC + MgC in HSS. It is therefore consid- 1150
ered that if the specimen is quenched at 1150°C, the high
temperature microstructure can be retained, and ~ phase

transforms into martensite. The microstructure at room 900 =
temperature can be martensite + MC + MgC. However,

Ma23Cg, only existing at the equilibrium state, cannot be

Temperature / °C

precipitated during the quenching process.

Fig. 7 shows the relationship between mass frac- Goo -
tion and temperature of carbides during the tempering
process. If the specimens are cooled at the equilib- a4+ MC + M,C|+ M,,C,
rium state according to Fig. 6, the equilibrium phases
will be a + MC + MgC + M23Cg. It is shown in
Fig. 7(a), MC increases slightly, MgC reduces, and
M23Ces changes unobviously. However, the microstruc-
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ture at room temperature is martensite + MC + MgC Fig. 6. Fe-C isopleths of HSS for rollers.
without the precipitation of M23Cs after quenching at
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1150°C. From Fig. 7(b), after removing M23Cg, M7Cs3 ap-
pears as a meta-stable carbide during the tempering pro-
cess, and its mass fraction increases a little with the in-
crease of temperature, and meanwhile, MC increases and
MgC decreases slightly. By removing Ms3Cg and M~7Cj3 in
HSS, the curves of mass fraction vs. temperature of car-
bides are calculated as shown in Fig. 7(c). M2C and MsC
appear. As a kind of meta-stable carbide, the nucleation
of M3C is easier. As the time goes on, M3C dissolves ac-
companied by the nucleation of more stable carbides at the
same place [13]. Therefore, M3C disappears in the phase
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diagram before 450°C. Therefore, M3C cannot be observed
from the microstructure after tempering at 520°C and only
a small peak is found in XRD patterns. MC changes unob-
viously, M2C increases sharply, and MgC decreases. The
mass fraction of M2C is the largest, followed by MgC, and
then MC, which is in good agreement with the XRD re-
sult in Fig. 1(b) except M7Cs and M3C. Combining the
calculated results of Figs. 3 and 4, the stable phases are
MC and MgC, but the meta-stable ones are M2C, M7Cs,
and M3C in HSS for rollers during the tempering process.
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Relationship between mass fraction of carbides and temperature in a new HSS for rollers: (a) stable

phases; (b) the phases after removing M23Cg; (c) phases after removing M23Cs and M7Cs.

4. Conclusions

(1) Carbides MC, M2C, MgC, M7Cs, and M3C exist
in HSS for rollers during the tempering process according
to XRD results.

(2) The hardness increases from HRC 56.5 to HRC
58.2, when the specimen is quenched at 1150°C and then

tempered at 520°C.

(3) The precipitated phases in HSS for rollers are
bulk-like MC, long stripe-like M2 C, fishbone-like MgC, and
daisy-like M7C3 during the tempering process.

(4) The Fe-C isopleths and the relationship between
mass fraction and temperature of carbides at 1150°C cal-
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culated by Thermo-Calc show that, the stable phases are
MC and MgC, and the meta-stable ones are M2C, M;Cs,
and M3C in HSS for rollers during the tempering process.
The calculated results are consistent with the experimen-
tal ones.
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