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Thermal aging was conducted at 650 ◦C until 1,000 h under the atmospheric environment to evaluate the
degradation characteristics of microstructure and mechanical properties of 9Cr-1MoVNb steel. The analysis of the
microstructure and carbide of aged specimens was conducted by scanning electron microscopy and energy dispersive
X-ray spectroscopy. The mechanical properties were evaluated by tensile and Vickers hardness tests. In addition,
fractured tensile specimens were characterized by using scanning electron microscopy and energy dispersive X-ray
spectroscopy to observe the changes in fracture mode with aging time. As a result, loss of martensite lath,
coarsening of M23C6 carbide, and precipitation of Laves phase were observed after aging for 100 h. Degradation
leads to deterioration in mechanical properties due to the effect of the nucleation and coarsening of Cr-rich M23C6

carbide. However, the change in fracture mode was more affected by the Laves phase (Fe2Mo) than the M23C6.
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1. Introduction

Since the 1980s, Cr-Mo tempered martensite steels
have been widely used as materials such as tubes for
steam generation and turbines of power generation and
steam-propulsion vessels owing to the superior high-
temperature strength, creep resistance, and oxidation re-
sistance [1]. In addition, many shapes of Cr-Mo tem-
pered martensite steels such as a tube (T), pipe (P),
and plate specified in the ASTM and ASME have been
popular in various industrial fields. In particular, since
9–12% high alloy steels have superior strength and corro-
sion resistance at high temperatures than 1–2% low alloy
steel, it has been considered as a material that can satisfy
the green energy requirements. The 9Cr-1MoVNb steels
used in this study exhibit high creep strength owing to
the dispersion effect of the M23C6 carbide and MX car-
bonitride [2]. Mo, Cr, Mn, and Fe preferentially form
M23C6 carbide at the boundaries of martensite lath and
prior-austenite in the heat treatment process while V,
Nb, and N form fine MX carbon nitride inside the ma-
trix. M23C6 carbide and MX carbon nitride strengthen
materials effectively as they play a role in pinning to pre-
vent grain boundary sliding under static or tensile con-
ditions [2]. Thus, alloy strength is strongly dependent
on the number density and size of M23C6 carbide and
MX carbonitride. However, the heat resistance steels
suffer microstructure degradation due to the high tem-
perature of the applied environment, which accelerated
material aging. Accordingly, many studies have been
conducted on corrosion, microstructural characteristics,
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and strength of Cr-Mo steels under various applied envi-
ronments. Lee at al. [3, 4] conducted a study on surface
corrosion behaviors of T23 and T91 steels at N2 + H2S
gas and atmospheric environments. Pandey et al. [5]
conducted a study on creep resistance of cast-forged
P91 steel at 620–650 ◦C and 120–200 MPa conditions.
The previous studies on 9Cr-1MoVNb steels have only
focused on surface corrosion and creep strength when
temperature and constant stress are simultaneously ap-
plied. However, few studies have been conducted on
the evaluation of the mechanical strength of aged ma-
terials under pure high-temperature environments. In
a previous study [6], the microstructural degradation of
9Cr-1MoVNb steel showed different characteristics de-
pending on the stress. Thus, there is a somewhat lim-
itation to predict degradation and strength characteris-
tics of materials only through the high temperature creep
strength. This study evaluated mechanical properties
and fracture mode according to microstructural degrada-
tion of 9Cr-1MoVNb steel aged at pure high-temperature
environments.

2. Materials and equipment

The chemical composition [wt. %] of the 9Cr-1MoVNb
steel used in this experiment is as follows: 0.1 C, 0.38 Si,
0.46 Mn, 0.25 Ni, 8.38 Cr, 0.93 Mo, 0.18 V, 0.09 Nb, and
the balance is Fe. The aging of the specimens was con-
ducted for up to 1,000 h at 650 ◦C under the atmosphere.
The aged specimens were etched in tle Vilella reagent
(100 ml ethanol, 1 g picric acid, and 5 ml HCl) until the
grain boundary was revealed, and then microstructure
was characterized by SEM and EDS. The hardness was
measured on the Vickers hardness tester at 9.807 N load
and dwell time of 10 s. This measurement was repeated
seven times for each specimen to ensure the reproducibil-
ity. A mean value of hardness was calculated by five
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measurements except for the maximum and minimum
values. The tensile test was conducted on the specimens
with 6 mm width and 25 mm gauge length at room tem-
perature through displacement control with 2 mm/min.
After the tensile test, the fractured surface was observed
through SEM and EDS.

3. Results and discussion

Figure 1 shows the microstructure of 9Cr-1MoVNb
steel aged at 650 ◦C with time. The columnar lath
and equiaxed lath existed complexly in the non-aged
9Cr-1MoVNb steel as shown in Fig. 1a, which shows

a microstructure of typical tempered-martensite steel
where coarse precipitates along the prior-austenite and
lath boundary, and fine precipitates inside the matrix
are uniformly distributed. However, the microstructure
of 9Cr-1MoVNb steel exhibited distinct change with ag-
ing. As shown in Fig. 1b–d), M23C6 carbides were pre-
cipitated and coarsened along the boundary of prior-
austenite and martensite lath [7, 8]. In addition, a loss of
martensite lath was observed due to the recombination
of boundaries and expansion of the width from 100 h [9].
In the case of the specimen aged for 1000 h, the bound-
ary of martensite lath was observed unclearly as shown
in Fig. 1d.

Fig. 1. Microstructure for 9Cr-1MoVNb steel aged at 650 ◦C with time, (a) non-aged, (b) 100 h, (c) 500 h, (d) 1,000 h.

Figure 2 presents the EDS analysis results of M23C6

carbide and secondary phase of 9Cr-1MoVNb steel aged
at 650 ◦C for 1,000 h. The existence of an agglomer-
ated zone of Cr and Mo inside the micro structure can
be verified through the EDS element map (Fig. 2b, c).
The EDS spot analysis results on the agglomerated

Cr zone showed that the Cr content was 16.30% (Fig. 2d),
which was very high compared to that of the base metal.
It means that the fine clusters precipitated at the austen-
ite and lath grain boundaries were Cr-rich M23C6 car-
bide. The Mo content at the agglomerated zone that
was exhibited in the Mo atom map was 12.77% (Fig. 2e),
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Fig. 2. EDS analysis for carbide of 9Cr-1MoVNb aged at 650 ◦C during 1,000 h, (a) surface morphology, (b) Cr
elemental map, (c) Mo elemental map, (d) EDS spot results of M23C6, (e) EDS spot results of Laves phase.

which mean the precipitation of Fe2Mo Laves phase.
M23C6 carbides enhance the materials by acting as an ob-
stacle to the movement of the grain boundaries. In con-
trast, the Laves phase, which is the secondary phase of
brittle, is quickly growing during high-temperature expo-
sure [10]. Also, it contributed significantly to changes in
fracture mode and strength degradation as it was acted
as a cavity trigger under the tensile stress. As mentioned
in the above, the secondary phase such as Laves phase
and Cr-rich M23C6 carbide precipitated at the matrix
and grain boundary was determined to affect the strength
and fracture mode of the materials significantly.

Figure 3 depicts the mechanical properties of the
aged 9Cr-1MoVNb steel (tension, yield, and elonga-
tion) with aging time. The mechanical properties of the
9Cr-1MoVNb steel were mainly affected by the expansion
of martensite lath width, increase in precipitates at the
prior-austenite grain boundary, decrease in transgranular
fine carbides, and decrease in solid solution strengthen-
ing effect due to the secondary phase precipitation [11].
In particular, the Cr-rich M23C6 carbides precipitated at
grain boundary of the martensite lath and prior-austenite
enhance the dispersion strengthening effect of metal.

On the other hand, the solid solution strengthening ef-
fect is weakened by the reduction of Cr concentration due
to Cr-rich M23C6 carbide precipitation. The change in
strength due to Cr-rich M23C6 carbide was complexly af-
fected by the above two effects. Accordingly, the drastic
decrease in tensile and yield strength at the initial 100 h
was because the reduction in solid solution strengthening
effect was more dominant as a result of the formation of
Cr-rich carbides. Afterward, the two effects were acted
equally over the aging time, and the behavior of degra-
dation tended to be somewhat stagnated.

Figure 4 shows the Vickers hardness values of the aged
9Cr-1MoVNb steel with aging time. The hardness tends
to decrease gradually up to 300 h. Thereafter, the de-
crease in the hardness did not show any significant change
with time. A study by Busby et al. [12] reported that
there was a correlation between yield strength and hard-
ness, and the degree is large enough to allow the hard-
ness to be used as a measure of yield strength. In this
study, yield strength and hardness value showed similar
behavior. The above results showed that the reason for
the degradation of hardness and yield strength was dom-
inated by the same mechanism. Thus, it is considered
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Fig. 3. Mechanical properties of 9Cr-1MoVNb steel
aged at 650 ◦C with time.

Fig. 4. Vickers hardness of 9Cr-1MoVNb steel aged at
650 ◦C with time.

that the degradation of hardness value was due to the
effect of reduction of Cr concentration of the matrix by
the precipitation of Cr-rich M23C6 carbide.

Figure 5 describes the microstructure of the cross-
section of fractured tensile specimens aged at 650 ◦C.
The microstructure was elongated to the load direc-
tion regardless of aging, and the boundaries of the
prior-austenite and martensite lath were unclearly seen.
A larger cavity around the precipitates was observed in
the specimen aged for 1,000 h as shown in Fig. 5a than
that of the specimen without aging as shown in Fig. 5b.
This was because the second phase such as Laves phase
and carbide precipitated in the martensite lath and the
prior-austenite grain boundary was acting as nucleation
of the crack and stress concentration under the tensile
load. According to the study by Lee et al. [13], if a
mean size of the second phase grew to 130 nm or larger,
the brittleness of the material will be stronger. The sec-
ondary phases such as Laves phase and Z phase are rarely
observed in non-aged materials in contrast with M23C6

Fig. 5. Microstructure of fracture plane 9Cr-1MoVNb
deteriorated at 650 ◦C, a) non-aged, b) 1,000 h.

carbide and MX carbonitride. However, the nucleation
and growth of them are progressed rapidly in a high-
temperature environment (creep). A cavity was rarely
observed in the base metal in Fig. 5b but cavities grew
around the coarse precipitates of the aged specimen as
shown in Fig. 5a. These cavities lead to a harmful ef-
fect on mechanical strength and failure mode of materials
during the creep exposure.

Figure 6 presents the results of EDS analysis on the
secondary phase around the cavities observed in Fig. 5a.
The EDS spot analysis results verified that the second
phase was the Laves phase observed in Fig. 2. Thus,
most cavities were primarily formed around the coarse
Laves phase of prior-austenite grain boundary and the
martensite lath. Conclusively, the failure mode of the
aged 9Cr-1MoVNb steel was strongly affected by the nu-
cleation and growth of the Laves phase.

Figure 7 shows SEM images of the fracture surface for
the 9Cr-1MoVNb steel aged at 650 ◦C after the tensile
test. The fractured surface exhibited “splitting” shape
which has main cracks at the center of the specimen and
secondary cracks around the surrounding area of the cen-
ter regardless of the exposure time (Fig. 7a–c). The main
cracks were perpendicular to the fracture direction of
the material, meaning that cavity in the direction par-
allel to the tensile load, crack due to the coalescence
of the cavity, and final fracture due to coalescence [14].
At the macro view, the secondary cracks around the
main cracks tended to increase with the progress of ag-
ing time as shown in Fig. 7b, c. At the micro view,

Fig. 6. EDS analysis for the secondar phase at frac-
ture plane of 9Cr-1MoVNb steel aged at 650 ◦C during
1,000 h.
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Fig. 7. Fractograph of 9Cr-1MoVNb steel aged at
650 ◦C with time, (a) non-aged, (b) 100 h, (c) 700 h.

the fracture surface of the base metal (Fig. 7a) exhibited
a fracture pattern where the transgranular dimple and
quasi-cleavage plane were mixed. However, the fracture
surface of the aged specimens exhibited secondary cracks
with splitting type due to brittleness and decohesion.
This was because the secondary phase and inclusions in-
side the metal were acted as nucleation of micro-cavities
and cracks as shown in Figs. 5, 6. Thus, precipitation of
the secondary phase was found a significant effect on the
change in the fracture mode.

4. Conclusion

1. Microstructural degradation occurred with the
progress of aging. The boundary of martensite lath
was unclear, and coarse Cr-rich M23C6 carbide and
Laves phase were precipitated at the boundary of prior-
austenite and martensite lath.

2. The mechanical properties (tension, yield, and hard-
ness) tended to decrease due to microstructural degrada-
tion such as a loss of martensite lath and coarsening of
Cr-rich carbide.

3. The brittle and non-adhesive Fe2Mo Laves phase
was acted as a cavity trigger under the tensile stress con-
dition. The cavities were developed into the secondary
cracks under the tensile stress, and the number of the
secondary cracks tended to increase with the progress of
aging. Thus, fracture mode of the aged 9Cr-1MoVNb
steel was significantly affected by the Laves phase such
as Fe2Mo.
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