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Abstract: The influence of carbide morphology on the deformation and fracture mechanisms of
as-received and complete spheroidization 14Cr1MoR steel was investigated using an in situ scanning
electron microscope (SEM) under tension testing. During spheroidization damage, the carbide
morphology changed from the original lamellar cementite present in pearlite to granular M23C6
carbide, which was concentrated along the ferrite grain boundaries. The yield strength and tensile
strength of 14Cr1MoR steel decreased with the increasing degree of spheroidization damage. In situ
SEM observations revealed that the deformation and crack initiation started from the ferrite matrix
in both as-received and completely spheroidization-damaged 14Cr1MoR steel samples. However,
the extension of slip bands and crack propagation behavior of both samples were different during
the in situ tensile process, which could be ascribed to the difference in carbide morphology. In the
as-received 14Cr1MoR steel sample, hard and brittle lamellar pearlite resulted in high-strength
ferrite/ pearlite boundaries, which inhibited the movement of slip bands. With further deformation,
the concentration of stress at the crack tip resulted in the emergence and propagation of cracks along
the ferrite/pearlite boundaries. In the case of the completely spheroidized 14Cr1MoR steel sample,
slip bands bypassed the grain boundary carbide and continuously expanded into the neighboring
ferrite grain. In addition, micro-voids and fractures of grain boundary carbides were observed due to
the large stress concentration at the front of crack tip. Then, the micro-voids connected with the main
crack to complete the crack propagation behavior. The morphological changes of carbides deteriorated
the mechanical properties and altered the fracture behavior of 14Cr1MoR steel. It is worth noting that
the fracture surface morphology of 14Cr1MoR steel changed from a combination of lamellar fracture
and dimpled morphology to a completely dimples-dominated morphology after spheroidization.

Keywords: 14Cr1MoR steel; carbide morphology; in situ SEM; deformation and fracture behavior;
mechanical properties; fracture morphology

1. Introduction

14Cr1MoR steel is a low-alloy Cr–Mo steel with a ferrite and pearlite microstructure that is
widely used in variety of applications, such as thermal power equipment, nuclear power equipment,
and large-scale conversion equipment for petrochemicals due to its excellent strength, superior oxidation
resistance, and low hydrogen embrittlement at elevated temperatures [1]. Moreover, the demand
for 14Cr1MoR steel has surged recently due to the rapid development of the petrochemical industry
in China.

However, under prolonged exposure to high-temperature service environments, pearlite colonies
disintegrate, and the microstructure transforms from lamellar cementite (Fe3C) to spherical carbide,

Metals 2019, 9, 1221; doi:10.3390/met9111221 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://dx.doi.org/10.3390/met9111221
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/9/11/1221?type=check_update&version=2


Metals 2019, 9, 1221 2 of 11

causing aggregation at ferrite boundaries [2–5]. The schematic diagram of pearlite spheroidization is
presented in Figure 1. With the increase in service time, more spherical carbides are distributed along
ferrite boundaries and coarsened, resulting in the degradation of mechanical properties [4–11]. Moreover,
pearlite spheroidization damage severely affects the performance of the material during service.

Figure 1. The schematic illustration of pearlite spheroidization.

One should note that pearlite spheroidization is an inevitable process that occurs in 14Cr1MoR steel
during long-term operation at high temperatures. Therefore, a large number of studies focused on the
microstructural evolution and property alterations of pearlite spheroidization damage [2–11]. However,
long-term service operations change the initial ferrite/pearlite microstructure into a ferrite/carbide
microstructure, which significantly influences the deformation and fracture mechanisms. Unfortunately,
few investigations concerning this have been reported thus far.

Compared with conventional static testing, in situ microstructural observations during mechanical
testing provide a better understanding of the mechanical behavior, and present real-time images
regarding the inherent deformation and fracture processes. Therefore, in situ scanning electron
microscopy has been widely carried out to understand the overall deformation and fracture behaviors
of different materials [12–19].

In this study, in situ tensile testing was utilized to demonstrate real-time morphological changes
and investigate the influence of carbide morphology on the fracture process and the deformation
behavior of 14CrMoR steel after spheroidization damage. The spheroidization-damaged 14Cr1MoR
steel samples were obtained by accelerating the spheroidization experiment. SEM and transmission
electron microscopy (TEM) were carried out to analyze the morphological evolution of carbides during
the spheroidization process.

2. Materials and Experimental Procedures

2.1. Materials and Accelerated Spheroidization Experiment

The specimens were obtained from a 14Cr1MoR plate; the chemical composition is shown in
Table 1. The chemical composition was confirmed with an ARL-4460 direct-reading spectrometer
(Thermo Fisher, Woburn, MA, USA). The normal working temperature of 14Cr1MoR was below
550 ◦C. Therefore, a longer time was required to achieve a completely spheroidized microstructure
due to the low spheroidization rate in the given temperature range. Lee et al. [20] reported that
pearlite spheroidization occurs below AC1 temperature, which corresponded to the initiation of the
austenite phase, and the spheroidization rate increased with the increase in temperature. In this study,
14Cr1MoR steel was aged at 680 ◦C to accelerate the pearlite spheroidization. One should note that
the given temperature was lower than the AC1 temperature and higher than the normal working
temperature. The maximum aging time was set at 100 h. After thermal aging, the 14Cr1MoR steel
samples were water-quenched to avoid phase transformation. After polishing and etching in 4%
Nital solution, the microstructure was observed using TESCAN VEGA 3 SEM (Tescan, South Moravia,
Czech Republic) and FEI TecnaiGF30 TEM (Thermo Fisher, Woburn, MA, USA). The Instron 8801 testing
machine (Instron, Shanghai, China).was used to assess the tensile properties with a test standard of
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GB/T228.1-2010. The geometry of the sample is shown in Figure 2. The strain rate was set as 1 mm/min.
The HRC hardness was tested using an HR5-150 Rockwell hardness tester (Jiu bin, Shanghai, China).

Table 1. Chemical composition (wt%) of 14Cr1MoR steel.

Elements C Ni Mn Cr Mo Fe

Composition (wt%) 0.16 0.022 0.48 1.2 0.47 Bal.

Figure 2. The geometry and dimensions (in mm) of the tensile specimen.

2.2. In Situ Tensile Characterization

The in situ tensile test was performed with a micro-static–dynamic testing machine (Shimadzu,
Tokyo, Japan) and a scanning electron microscope, which was dedicated for in situ SEM observations.
The maximum load of the testing machine was 1000 N. The geometry and dimensions of the specimens
are shown in Figure 3. To observe the crack initiation during the test, a U-shaped notch with a depth of
0.2 mm was designed by wire-cutting one side of each specimen, as shown in Figure 3. Then, the samples
were polished and etched in 4% Nital solution for microstructure observations. The deformation rate
was set at 0.001 mm/s.

Figure 3. The geometry and dimensions (in mm) of in situ tensile specimens.

3. Results and Discussion

3.1. The Morphological Evolution of Carbides During Spheroidization

As shown in Figure 4a, the as-received 14Cr1MoR steel mainly consisted of ferrite, pearlite,
and a small number of particles which were distributed along the grain boundaries of ferrite. TEM
images and a selected area electron diffraction (SAED) pattern of particles that were distributed along
grain boundaries are presented in Figure 4b. The SAED pattern confirmed that the distributed particles
belonged to the M23C6 phase, which is a stable carbide phase. One should note that a small amount of
M23C6 phase can improve the hydrogen corrosion resistance at high temperatures.
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Figure 5 shows the SEM images of 14Cr1MoR steel aged at 680 ◦C for 22, 40, 70, and 100 h. Compared
with Figure 4a, the evolution of the pearlite was readily observed during aging. Initially, the lamellar carbides
started to disperse in the pearlite. Then, the size and number of carbide particles, which were distributed
along the ferrite grain boundaries, increased with increasing aging time. However, the morphology of
the pearlite was clearly observed, as shown in Figure 5a,b. With the increase in aging time, the lamellar
carbides completely changed to a granular morphology and a higher number of distributed particles was
observed along the grain boundaries, as shown in Figure 5c. After aging for 100 h, the pearlite morphology
disappeared, and large particles concentrated along the grain boundaries were observed, as seen in Figure 5d.
The TEM images and SAED patterns of the precipitated particles are given in Figure 6, confirming that the
precipitated particles belonged to the M23C6 carbide phase.

Figure 4. The microstructure of as-received 14Cr1MoR steel. (a) SEM and (b) TEM images, where the
inset in (b) shows the selected area electron diffraction (SAED) pattern of the M23C6 phase.

Figure 5. Microstructural evolution of 14Cr1Mo steel aged at 680 ◦C for (a) 22 h, (b) 40 h, (c) 70 h,
and (d) 100 h.

Figure 6. TEM images and corresponding SAED patterns of 14Cr1MoR steel aged at 680 ◦C for 100 h.
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The driving force for pearlite spheroidization is generally believed to be associated with the
reduction in curvature between the pearlite and ferrite matrices [21]. Pearlite possesses a complex
layered structure, which is alternately overlapped by thin layers of ferrite and cementite. However,
an engineered pearlite lamellar structure is never perfect, and various types of defects, such as kinks,
striations, holes, fissures, and terminations, always exist in the cementite lamellae, which are enriched
with lamellar fault regions of higher curvature. These regions of greater curvature possess a higher
amount of chemical potential [22].

According to the Gibbs–Thomson equation, the carbon concentration equilibrium in ferrite with
a small curvature radius is higher than in ferrite with a larger curvature radius [18]. During isothermal
aging, the carbide atoms diffused from the higher chemical potential and high curvature lamellar fault
sites to adjacent ferrite through interfaces, sub-boundaries, and dislocations. Therefore, the initial
pearlite regions were gradually dissolved. Due to the fast grain boundary diffusion, the particles
located at the grain boundaries and triple junctions possessed a size advantage following the Ostwald
ripening process. As a result, the spheroidized carbide particles precipitated along the ferrite grain
boundaries and coarsened with increasing aging time [20]. The major mechanism of isothermal
spheroidization can be described as the atomic diffusion from high curvature fault sites to neighboring
interfaces, as explained by “fault migration theory” [23]. Overall, the microstructure evolution results
confirmed that the pearlite spheroidization was not an instantaneous process and gradually occurred
with increasing aging time due to the migration of carbide atoms.

3.2. The Evolution of Mechanical Properties and in situ Tensile Characterization

Figure 7 shows the mechanical properties of 14Cr1MoR steel samples after different aging times
at 680 ◦C. Room-temperature tensile characterizations of 14Cr1MoR steel samples were carried out
after aging at 680 ◦C for different lengths of time, as shown in Figure 7a. The results show that the
yield strength and tensile strength decreased with an increase in the degree of spheroidization damage
(i.e., increased aging time). The HRC hardness of spheroidization-damaged 14Cr1MoR steel samples
exhibited a similar trend to the yield strength and tensile strength trends.

Figure 7. Mechanical properties of 14Cr1MoR steel samples after different aging times at 680 ◦C.
(a) Load-displacement curves and (b) HRC hardness.

Figure 8 presents the SEM images of as-received 14Cr1MoR steel during in situ tensile testing
under different loads, where the double-headed arrow indicates the loading direction. Figure 8a shows
the microstructure of the as-received 14Cr1MoR steel sample near the U-shape notch, which mainly
consisted of ferrite and pearlite. A crack defect was found at the center of the notch, which may have been
produced by wire-cutting or after grinding and polishing, as shown in Figure 8a. The microstructure
of the as-received 14Cr1MoR steel did not exhibit any obvious change under the tensile load of 500 N,
as shown in Figure 8b. However, a crack initiated at the notch when the tensile load was increased to
550 N. The initiated crack was located in the ferrite matrix and occurred at 45◦with the loading direction.
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However, the defect crack did not exhibit any obvious change, as shown in Figure 8c. When the load
was further increased to 590 N, the initiated crack was widened and stretched forward, as shown in
Figure 8d. In addition, another crack appeared above the defect crack, which was named initial crack 2.
Then, both initiated cracks continuously extended with increasing load. In the front of the initiated
crack, slip bands were observed in the ferrite grains. The density of slip bands was extremely high,
and they stopped at the ferrite/pearlite interface, as shown in Figure 8e–g. In addition to the emergence
of slip bands, the deformation of the ferrite matrix also occurred under tensile load, as shown by the
microstructural evolution of Ferrite 1 in Figure 8f–h. When the load exceeded the maximum force and
then decreased to 720 N, the initial crack became the main crack and propagated rapidly.

Figure 8. Microstructural evolution of as-received 14Cr1MoR steel during in situ tensile testing. (a) 0
N, (b) 500 N, (c) 550 N, (d) 590 N, (e) 650 N, (f) 720 N, (g) 730 N, and (h) 720 N.

Figure 9 presents the microstructural evolution of 14Cr1MoR steel after complete spheroidization
damage under different tensile loads. The original microstructure is shown in Figure 9a, where the
ferrite grains were approximately equiaxed and the carbides were mainly distributed along the ferrite
grain boundaries. When a tensile load of 490 N was applied, a crack source region was observed
near the notch, which was also presented in the ferrite matrix (Figure 9b). When the tensile load
increased to 600 N, two new crack source regions appeared at the notch. To distinguish these source
regions, the three crack source regions were named Source region 1, Source region 2, and Source
region 3. In front of crack source regions, the slip bands appeared in several ferrite grains without any
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distinct morphological transformation. Moreover, the parallel slip bands indicated the activation of
only one slip system, as shown in Figure 9c. With greater tensile load, the morphology of the crack
source regions, i.e., Source region 2 and Source region 3, exhibited significant changes, such as crack
widening and stretching. However, in front of the tip of the crack, the slip bands remained coarser
and uninterrupted by ferrite grain boundaries. The slip bands bypassed the grain boundaries of the
granular carbides and continued to expand into the neighboring ferrite grains, as shown in Figure 9c–f.
When the load exceeded the maximum force and then decreased to 660 N, the crack present in Source
region 2 became the main crack and rapidly propagated until failure.

Figure 9. Microstructural evolution of completely spheroidized 14Cr1MoR steel during in situ tensile
testing. (a) 0 N, (b) 490 N, (c) 600 N, (d) 640 N, (e) 680 N, and (f) 660 N.

Microstructural evolution comparison revealed that the completely spheroidized 14Cr1MoR
steel sample exhibited the same plastic deformation behavior as the as-received 14Cr1MoR steel
sample. One should note that the second phase plays a critical role in dual-phase alloy system.
The initial plastic deformation always occurs in the softer phase and is usually confined to the local
area, depending on volume fraction, shape, and distribution of the harder phase [20]. In the as-received
14Cr1MoR steel sample, the microstructure was composed of ferrite and lamellar pearlite, whereas
the shape of the carbides transformed from the original lamellar structure to granular carbides,
or even disappeared in the completely spheroidized 14Cr1MoR steel sample. The microstructure of the
completely spheroidized 14Cr1MoR steel sample was mainly composed of ferrite and granular carbides,
which were distributed along the ferrite grain boundaries. As the ferrite matrix was relatively easier to
deform than the pearlite and granular carbides, the deformation and crack initiation originated from
the ferrite matrix. One should note that the ferrite phase with a body-centered cubic (BCC) structure
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possesses sufficient slip systems. Therefore, with the increase in tensile load, the slip became the major
deformation mode for the ferrite and straight slip bands originated from the ferrite (softer) phase.

Moreover, the initially observed slip bands were aligned in only one direction, indicating the
activation of one dominant slip system. With continued deformation, the fine slip bands became
coarser and multiple slip bands were observed in front of the initial crack, indicating the dominance
of the cross-slip deformation mechanism. In addition to the appearance of the slip bands within
grains, the morphology of the ferrite grains also changed during deformation. Though the ferrite
grains were gradually elongated, the pearlite and granular carbides kept their morphology until the
stress reached a threshold limit. A large concentration of stress at the softer/harder phase interface
caused by deformation in the softer phase may cause coordinating deformation to occur in the
harder phase [24–26].

However, during the tensile test, the slip bands stopped at the ferrite/pearlite interface of the
as-received 14Cr1MoR steel (Figure 8f), whereas the slip bands were not interrupted at the ferrite
boundaries in the completely spheroidized 14Cr1MoR steel sample, as shown in Figure 9c. The hard
and brittle lamellar pearlite resulted in a high-strength ferrite/pearlite interface, which inhibited the
movement of the slip bands. These results were in good agreement with previous reports [27].

Figure 10 presents the crack tip morphology of the as-received 14Cr1MoR steel sample during
crack propagation. As mentioned earlier, coordinating deformation may occur in a softer/harder phase
interface due to deformation of the softer phase, which may cause a large concentration of stress at the
softer/harder phase interface [20–22]. Therefore, at the front of crack tip, when the stress concentration
exceeded the interfacial bonding strength of the ferrite/pearlite boundary, the cracks were generated at
the ferrite/pearlite boundary and converged with the main crack, resulting in crack propagation along
the ferrite/pearlite boundary. Figure 11 presents the microstructure of the crack tip during the crack
propagation of the aging sample. As shown in Figure 11a,b, several micro-voids were readily observed
at the front of crack tip, which could be attributed to the severe slip band coarsening. Moreover, some
of the carbides distributed along the grain boundaries in the completely spheroidized 14Cr1MoR steel
sample moved with the migration of the grain boundary and contributed to the fracture during the in
situ tension test, as illustrated by arrows in Figure 11c,d. It is worth nothing that micro-cracks were
formed by micro-voids and boundary carbide fractures, which connected with the main crack and
completed the crack propagation.

Figure 10. The morphology of the crack tip in as-received 14Cr1MoR steel during crack propagation.
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Figure 11. The morphology of the crack tip in completely spheroidization-damaged 14Cr1MoR steel
during crack propagation. (a) 630 N, (b) 600 N, (c) 580 N, (d) 580 N.

The fractured morphologies of the as-received and completely spheroidized 14Cr1MoR steel
samples are presented in Figure 12. The as-received sample exhibited dimples and wavy regions of
lamellar fracture, as shown in Figure 12a, where the dimples originated from micro-voids that coalesced
in the ferritic regions. The lamellar fracture was exhibited in the pearlite region, which indicated
the nucleation and propagation of the crack along the junction of the different pearlite colonies.
The lamellar fracture in the pearlite regions was responsible for the higher tensile strength of
the as-received 14Cr1MoR steel. As shown in Figure 12b, the fracture surface of the completely
spheroidization-damaged 14Cr1MoR steel was occupied by dimples, which could be ascribed to the
failure mode involving coalescence of the micro-voids (Figure 11).

Figure 12. The fracture morphology of in situ tensile specimens. (a) As-received 14Cr1MoR steel;
(b) completely spheroidized 14Cr1MoR steel.

In situ microstructural observations of the deformation and fracture behaviors of as-received and
completely spheroidized 14Cr1MoR steel samples demonstrated that the carbide morphology controlled
the movement of slip bands, crack propagation behavior, and the fracture mode during tensile testing.
The hard and brittle lamellar carbide that was present in the pearlite phase changed to a spheroidal
structure or even disappeared during spheroidization. The spherical carbide rendered lower resistance
to the dislocation movement than lamellar pearlite. Moreover, the severe deformation of the ferrite
matrix and the fracture of the spherical carbide introduced micro-voids, which facilitated the crack
propagation in the completely spheroidized 14Cr1MoR steel sample. Therefore, the morphological
evolution of carbide during the spheroidization damage process deteriorated the mechanical properties
and altered the fracture morphology from a lamellar fracture /dimpled morphology as seen in
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the as-received 14Cr1MoR steel to a dimple-dominant morphology as seen in the completely
spheroidization-damaged 14Cr1MoR steel.

4. Conclusions

In summary, we utilized in situ scanning electron microscopy to unveil the microstructural
changes during tensile loading and understand the deformation and fracture behaviors of as-received
and completely spheroidized 14Cr1MoR steel. The following conclusions can be drawn from the
current work:

(1) Under the tensile load, the deformation and crack initiation started in the ferrite matrix in both
the as-received and completely spheroidized 14Cr1MoR steel samples.

(2) With the increase in strain, the high-strength ferrite/pearlite interface inhibited the movement of
slip bands. The concentration of stress at the crack tip cracked the ferrite/pearlite interface and
facilitated crack propagation along the ferrite/pearlite interface.

(3) In the completely spheroidized 14Cr1MoR steel, the slip bands were no longer interrupted by
ferrite at the grain boundary, implying that the slip bands bypassed the grain boundary carbides
and traversed through the ferrite boundaries. Therefore, the dislocations were more easily
produced in ferrite than pearlite. Moreover, micro-cracks were formed by micro-void coalescence
and grain boundary carbide fractures, which connected with the main crack and completed the
crack propagation.

(4) The carbide morphology of the completely spheroidized 14Cr1MoR steel facilitated the dislocation
and propagation of the cracks, which led to inferior mechanical properties. The fracture
morphology of the as-received 14Cr1MoR steel changed from a lamellar/dimpled morphology to
a dimple-dominant morphology after spheroidization damage.
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