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relationships between microstructure and mechanical properties were estab-
lished and well-validated by experimental results.

Introduction

The rapid development of ultra-supercritical (USC)
power plants in the past decades have raised a critical
need for the metallic components with excellent high-
temperature engineering performance to ensure their
thermal efficiency and reliability [1]. Ferritic—
martensitic 9% Cr heat-resistant steels (9% Cr steels)
have been widely utilized as key components in USC
power plants and identified as promising candidates
of structural material in Generation IV nuclear reac-
tors [2, 3], due to their excellent mechanical proper-
ties, high thermal conductivity, low thermal
expansion coefficient, good weldability and high
inherent void swelling resistance to neutron irradia-
tion [3-5]. The sufficient mechanical properties and
stability of 9% Cr steels are crucial to the safe and
efficient operation of USC power plant in design life.

The 9% Cr steels are mainly subjected to long-term
exposure of high-temperature and steam pressure
service environment, and therefore creep rupture is
the main mechanism responsible for their failure in
USC power plants [6]. Several microstructure evolu-
tion mechanisms associated with creep failure have
been proposed, such as the declination of dislocation
density [7, 8], widening of martensite lath [9, 10],
precipitation and coarsening of Laves phase [11, 12]
and modified Z-phase [13, 14], and Type IV failure in
welded joint [15]. As the creep process proceeds,
micro-hardness [16-18] and strength [19, 20] of the
steels will inevitably deteriorate during the high-
temperature exposure, which pose a serious threat on
the safe operation of USC power plants and electric-
ity supply. In engineering practice, the residual
micro-hardness [16, 17] and strength are regarded as
key indicators in regular metal supervision of com-
ponents and estimation of remaining life.

Due to its scientific and practical significance,
extensive efforts have been paid to investigate the
evolution of microstructure and mechanical property
of 9% Cr steels subjected to high-temperature expo-
sure. For instance, Guo et al. [21] studied the degra-
dation of strength, micro-hardness and microstructure
of P92 after aging at 923 K from 200 to 11,000 h. It was
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found that the strength increased slightly in initial
stage then continued to decrease after 500 h, whereas
the micro-hardness exhibited a continuous declina-
tion. They provided systematic investigation on
mechanical degradation during long-term aging,
while stress-free state cannot reflect actual
microstructure evolution under service condition.
Some researchers compared the microstructure char-
acteristics of the final creep-ruptured specimens with
as-received condition. For instance, Panait [22, 23]
found a significant decrease in hardness after creep for
113,431 h at 873 K in P91 steel, along with significant
recovery of the matrix and coarsening of M»3C¢ car-
bides and Laves phase. Nie et al. [24] observed
recovery of martensite lath and coarsening of precip-
itates during creep in T92 steel, and they also reported
creep cavities nucleated at the interface of large Laves
phase particles, thus aggravated the creep-rupture
process.

These research results provided insightful knowl-
edge on the microstructure and property evolution of
9% Cr steels from different viewpoints. However, few
studies have been conducted to investigate the pro-
gressive degradation of mechanical property and
microstructure in the intermediate stages via inter-
rupted creep test [25-28], which are crucial for safety
evaluation. Meanwhile, systematic investigations of
the relationship between the microstructure evolution
and mechanical property degradation were scarcely
reported. In particular, the role of Laves phase on the
mechanical property of 9% Cr steels during creep
remains controversial. Ennis [29] suggested that pre-
cipitation of Laves phase depletes Mo and W in matrix
and thus reduces solution strengthening. Coarsened
Laves phase particles on boundaries tend to trigger
creep cavities and brittle fracture [18]. However, other
researchers [4, 21] demonstrated that Lave phase
mainly contribute to precipitation strengthening
before aggregation. Therefore, it is imperative to per-
form interrupted creep tests to thoroughly investigate
the progressive property degradation and
microstructure and clarify damage mechanisms of
microstructure from initial state to rupture.

To systematically investigate the progressive
degradation = of mechanical property and
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microstructure of 9% Cr steels, a series of interrupted
creep test were conducted in this study. Then micro-
hardness measurement and high-temperature tensile
tests were performed on the interrupted creep spec-
imens. Meanwhile, the microstructure evolution such
as martensite lath, dislocation density and precipi-
tates was also analyzed in detail. The aim of this
research is to clarify damage mechanisms of
microstructure at specific stage and establish quan-
titative relationships between residual mechanical
properties and microstructure features. Moreover,
the role of Laves phase in mechanical property of 9%
Cr steels during creep will be also discussed. These
experiment results of interrupted creep specimens
provide valuable guidance for the estimation of creep
damage and residual life in engineering application.

Materials and experiment
Materials

9% Cr heat-resistant steel pipe with an outer diameter
of 457 mm and a wall thickness of 90 mm was used
in this study. The hot-extruded pipes were normal-
ized at 1323 K for 4 h, and tempered at 1033 K for
6 h. All the specimens were cut from the outer section
of the pipe along tangential direction. Chemical
composition of this steel is listed in Table 1.

Mechanical property tests

In order to investigate the effect of creep damage on
subsequent tensile behavior, experiments were con-
ducted in three steps. Firstly, a series of regular creep
tests were conducted at 873 K till fracture to get creep
curves under different stress (160 MPa, 180 MPa,
190 MPa, 200 MPa, 210 MPa, 220 MPa). Then, a ser-
ies of interrupted creep tests were conducted at 873 K
and 160 MPa to reach predetermined lifetime at
regular intervals (500 h, 1000 h, 1500 h, 2000 h,
2500 h and fractured specimen at 2975 h). Afterward,
all the interrupted creep specimens were machined
into tensile specimens to evaluate their high-tem-
perature tensile properties. The tensile tests were
performed at 873 K and a constant strain rate of

Table 1 Chemical
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0.00025 s — . Furthermore, microhardness of the as-
received and crept specimens of 9% Cr steel were
measured using Vickers Hardness Tester (Omnitech-
S) with a load of 0.1 kg and dwell time of 10 s. The
average values and standard deviation of 15 mea-
surements were taken to describe the micro-hardness
at each state. A slice cut from grip section represents
aging state was also analyzed. The schematic illus-
tration and the geometry parameters of the speci-
mens subjected to regular creep tests, interrupted
creep tests, aging tests and tensile tests are shown in
Fig. 1.

Microstructure characterization

After interrupted creep tests, the materials were also
longitudinally = sectioned and prepared for
microstructure characterization, as shown in Fig. 1d.
Metallographic structure investigations were carried
out by using a Zeiss AXIOVERT 200MAT optical
microscope (OM). The strain distribution analyzed by
transmission Kikuchi diffraction (TKD) technique
and crystallographic features were evaluated using a
MIRA3 scanning electron microscope (SEM) equip-
ped with energy-dispersive X-ray spectrometer (EDS)
and electron back-scattered diffraction (EBSD)
detectors. Samples for EBSD characterization were
ion beam polished via Gatan 697 Ilion II polishing
system, and the data were analyzed via HKL Channel
5 software developed by Oxford Instruments. The
nanoscale microstructure features, such as martensite
lath and precipitate morphologies, were investigated
with a JEOL JEM-2100 transmission electron micro-
scope (TEM) equipped with an Oxford EDS detector.
Thin foils for TKD and TEM observations were pre-
pared by electropolishing in a Struers (Tenupol-5)
machine at 20° C, and the electrolyte consisted of 7%
perchloric acid and 93% alcohol. The average
martensite lath width and standard deviation were
calculated by linear intercept method in transverse
direction from 20 TEM micrographs, about 150 laths
per specimen. The precipitate phases were identified
by EDS and selected area electron diffraction (SAED),
and their sizes were measured from TEM micro-
graphs via Image-Pro Plus software. The area fraction

composition of the as-received ~ Composition  C Mn  Si

Cr Mo W \% N Ni Al Nb Fe

9% Cr steels (wt%)

Content 0.11 046 0.15

856 043 174 0.17 0.048 023 0.007 0.076 Bal
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Figure 1 Schematic
illustration and the geometry
parameters of the specimens
subjected to a regular creep
tests, b interrupted creep tests,
c tensile tests and

d microstructure
characterization.

(b)
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and the mean size of the precipitates were measured
by taking about 15 TEM micrographs, corresponding
to 400 ~ 600 particles per specimen. X-ray diffrac-
tometer (Rigaku D/max-2500, CuKo, 4 = 1.5418 A)
was used to measure the dislocation density in the
specimen at a working voltage of ~ 40 kV, a current
of ~ 40 mA, scanning speed of ~ 0.5° min— Tand an
angular interval of ~ 20° < 20 < 145°. Calculation
method of the dislocation density from XRD results
can be referred to method in literature [30-32].

Results

Microstructure and creep deformation
behavior of as-received material

The initial microstructure of the 9% Cr steels prior to
creep tests is depicted in Fig. 2. It was observed that
the material exhibited a typical tempered martensite
microstructure as shown in the OM image in Fig. 2a.
The prior austenite grain boundaries (PAGBs) were
marked by the yellow dash line, and the grain size was
estimated to be around 40 pum. Some typical precipi-
tates such as MX carbonitrides and M»3Cg carbides can
be detected and marked as A, B and C in TEM micro-
graph in Fig. 2b. By identifying the phase composition
(Fig. 2¢, d and e) and structure through EDS and
SAED, it can be seen that MX precipitates mainly
existed in the intra-lath region, whereas most of M»3Cq
carbides located at lath boundaries and a few of them
occurred in the intra-lath region, as shown in Fig. 2b.
In addition, detailed observation indicated that no
Laves phase was observed in as-received specimen.
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Creep curves at various stresses ranging from 160
to 220 MPa are depicted in Fig. 3a. The creep defor-
mation of 9% Cr steels can be divided into primary
creep stage, secondary creep stage and tertiary creep
stage. The minimum creep rates can be described by
modified version of Mukherjee-Bird-Dorn [33] creep

equation as émin = A(%)nexp(— I%[)’ where A is a
constant, n is the stress exponent, Q. is the creep
activation energy, ¢ is applied stress,oy, is threshold
stress, E is the elastic modulus, R is the universal gas
constant, and T is the temperature in Kelvin.

The variation of minimum creep rates &y, with the
normalised creep stress by elastic modulus
((6 — om)/E) on bilogarithmic scale is depicted in
Fig. 3b. The obtained stress exponent n ~ 5 indicated
the rate-controlling creep mechanism was dislocation
climb [33, 34]. According to the creep curve at
160 MPa and the interrupted time (500 h, 1000 h,
1500 h, 2000 h, 2500 h, and rupture time 2975 h) lis-
ted in sub-Sect. “Mechanical property tests,” it can be
determined that the corresponding creep strain at the
interrupted time was 1.6%, 2.3%, 2.8%, 3.5%, 4.5%,
and 19% (fracture creep strain), respectively, which
cover the whole creep stages. The microstructure
observation of these interrupted specimens is
described in the following subsections.

Microstructure evolution of interrupted
creep specimens

The 9% Cr steels exhibit a typical hierarchical
microstructure, which consists of prior austenite

grains,  packets,  blocks, and  martensite
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Figure 2 Microstructures of as-received materials: a Optical micrograph, b TEM micrograph, c—e EDS of M,3Cs and MX precipitates.
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Figure 3 Creep behavior of as-received materials at 873 K: a creep curves at different stress and b variation of minimum creep rate with

normalized creep stress.

@ Springer



4642

laths/subgrains. The excellent high-temperature
strength stems from high dislocation density, fine
martensite lath, together with solid-solution
strengthening by Mo and W atoms and precipitation
strengthening by MX precipitates and M»;Cg carbides
[35, 36]. These microstructure features will evolve
inevitably during creep service.

Recovery of martensite lath

The martensite lath structure is also called subgrain
structure because of the low-angle grain boundaries
between adjacent laths, and the laths tend to evolve
into rounded eventually. Microstructure of the sub-
grains of crept samples and the evolution of
martensite lath width is shown in Fig. 4a—c and e. It
can be seen that the martensite lath width gradually
increased with increasing creep time from initial state
to 2000 h, and kept relatively stable until rupture.
Similar observation was also reported by Xiao et al.

%1510 E

Particle A

hep [0001]

Lath width/nm
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[37], in which the microstructure evolution of G115
steel at 923 K and 140 MPa was investigated.

Evolution of dislocation substructure

It is well known that an extremely high density of
dislocations was introduced into tempered marten-
site ferritic steels during the martensite transforma-
tion [7]. Unfortunately, there were sparse
quantitative dislocation density data available in lit-
erature during the creep duration. TEM, XRD, and
EBSD methods were usually employed to measure
dislocation density [8, 30, 31, 38]. The XRD method
was usually the most preferred due to its ability to
obtain macroscopic and comprehensive dislocation
density data. The evolution of dislocation density at
different creep duration is indicated in Fig. 5b, and
corresponding modified Williamson-Hall plots are
shown in Fig. 5a, where K=2sin6/2 and
AK =2cos0A0/J, 0 and A0 represent the diffraction

—a— Experimental values
Predicted values by Equation (H)

4/

1200
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L)

800
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Ageing state
400 ze-"

200 L 1 1 1 1 1 1
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Figure 4 Microstructure evolution at 873 K and 160 MPa: a 500 h, b 1500 h, ¢ 2500 h, d EDS and SAED of Laves phase, e variation of

lath width with creep time.
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Figure 5 Dislocation density evolution at 873 K and 160 MPa: a Modified Williamson-Hall plots and b Dislocation density evolution.

angle and the integral breadth of the diffraction peak,
C is the average contrast factor of the dislocations for
a particular reflection, which can be referred to Ungar
[31] and Xu [32]. The as-tempered specimen showed
a high dislocation density of 8.4 x 10'* m™ 2. During
the primary creep stage, the dislocation density
decreased sharply. Then it almost kept constant in
secondary creep stage. Finally, the dislocation density
declined to 1.1 x 10'* m ~ ? in tertiary creep stage
until creep rupture, which is consistent with the
results of Dudko et al. [26], in which the
microstructure evolution of a P92-type steel at 650 °C
and 118 MPa was investigated.

Coarsening of precipitates

Precipitates play an important role in creep strength
of 9% Cr heat-resistant steel due to its retardation
effect for movement of dislocations and boundaries
[24]. Apart from MX carbonitrides and Mjy3C¢ car-
bides mentioned in sub-Sect. “Microstructure and
creep deformation behavior of as-received material”,
Laves phase precipitates nucleated along boundaries
[39] after shortest creep duration at 500 h, as shown
in Fig. 4a and d.

The evolution of fractions and size of precipitates
with creep time is illustrated in Fig. 6a and b,
respectively. The area fraction and size of precipitates
within laths such as MX carbonitrides and Mj3Cq
carbides kept almost stable in the whole creep
duration, while those located at the boundaries
coarsened consistently. The area fraction of My3Cq
carbides in boundaries kept stable around 2.8% in the

whole creep duration, while the area fraction of
Laves phase increased continuously to about 2% at
1500 h and then increased slightly until rupture [40].
The size of the My3Cq carbides and Laves phase
increased gradually in the creep duration and did not
reach a stable size until rupture. There were some
studies reported that Z-phase formation after long-
term service in 9-12% Cr steels [13, 14, 22]. Hald
reported the precipitation of Z-phase after
30,000 ~ 40,000 h at 923 K [4]. However, no Z-phase
was observed in present investigation. This is prob-
ably due to inadequate creep duration.

Crystallographic texture and grain boundary characteristic
evolution

EBSD analysis of the 9% Cr steels in the as-received
state and crept specimen at 873 K and 160 MPa for
different creep duration are depicted in Fig. 7. The
inverse pole figure(IPF) maps in Fig. 7a-c show that
tempered martensite structure retained its original
martensite morphology with blocks and packets after
creep, and there was insignificant change of texture
during the creep. Grain boundary maps overlaid on
the image quality maps are depicted in Fig. 7d—f and
a statistical comparison is shown in Fig. 7g. It could
be observed that the distribution and relative fre-
quency of the low-angle boundaries (2° > 0 < 15°)
and high-angle boundaries (6 > 15°) almost kept
stable from initial state to rupture state, indicating
there was no significant change of grain boundary
characteristic during creep.

@ Springer
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Figure 6 The evolution of a precipitates fractions and b precipatates size with creep time.

Mechanical properties of interrupted creep
specimens

Micro-hardness

Micro-hardness is usually used as an indication of
creep life fraction in engineering practices. The
micro-hardness of 9% Cr steel at different creep
damage condition is shown in Fig. 8. The micro-
hardness of gripping and gauge section decreased
with the increase in creep time. However, micro-
hardness of gauge section declined significantly
during the initial creep time of 1000 h and then kept
stable to 1500 h creep duration, followed by a con-
tinuous decreasing to the end stage. By comparison,
the gripping section showed a negligible hardness
change during the whole creep time. The different
evolutions of hardness in gripping and gauge section
indicated that stress exerted more remarkable influ-
ences on microstructure evolutions than high-tem-
perature exposure alone, which is consistent with the
results reported by other researchers [22, 23].

Tensile properties

The residual high-temperature strength is a key
indicator for service parts. The high-temperature
mechanical properties of the 9% Cr steels under as-
received and different creep conditions are shown in
Fig. 9. Figure 9a shows the evolution of 0.2% offset
yield strength and ultimate strength at 873 K during
creep period. Compared with the as-received mate-
rial, both yield strength and ultimate tensile strength

@ Springer

decreased continuously with the increase in the creep
time and did not reach a stable stage until the final
stage of the creep. However, the degradation of the
strength turned to be relatively stable from 1000 to
1500 h. Different from the monotonous drop of
strength properties with the creep time, it was noted
that the variation of the ductility properties after
different creep duration was relatively negligible, as
shown in Fig. 9b.

Fractography observation of tensile
specimen

The SEM micrographs of tensile fractured surface for
specimens exposed to different creep time are shown
in Fig. 10. It can be seen that the fracture morphology
mainly consists of the dimples, which are typical
characteristics of the transgranular ductile fracture
[41]. However, no significant difference can be
observed between the fracture surfaces of samples
with different creep duration, which is consistent
with the negligible variation of elongation.

Discussion
Mechanical property degradation
Micro-hardness

As the creep proceeds, the micro-hardness evolution
of 9% Cr steel is mainly attributed to the change of
solid-solution hardening, martensite lath width, dis-
location density, and precipitation hardening [42].
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Figure 7 Microstructure evolution of 9% Cr steel with creep
lifetime: a—c: IPF map of as-received state, 1500 h and 2975 h,
respectively, d—f: image quality maps with specific grain

However, due to the negligible change of the pre-
cipitates and solid-solution alloy element distribution
during the initial 3000 h of creep, the effect of solid-
solution and precipitation hardening on the hardness
of 9% Cr steel was insignificant [43]. The reduction in
dislocation density and increase in martensite lath
may be the major factors for micro-hardness evolu-
tion [42]. Sawada et al. [44] pointed that the decrease
in dislocation density caused the decline in hardness
for modified 9% Cr steel, and the contribution of
dislocation on hardness values can be represented as
[45]:

50 60

boundaries of as-received state, 1500 h and 2975 h, respectively,
g: Relative frequency of misorientation angle.

Hyp = %,Gb \/p (1)

where H,, is contribution of the dislocation
strengthening to the micro-hardness, o, is constant, G
is the shear modulus, b is the Burger’s vector
(0.248 nm for ferrite), and p is dislocation density.

Armaki [46] proposed that hardness was linearly
dependent with the reciprocal of martensite lath
width during creep duration. The correlation
between them can be expressed as:

Hy=o0 /" (2)
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where H, is contribution of the martensite lath
strengthening to the micro-hardness, «; is constant,
and /; is martensite lath width.

So, Vickers hardness can be described as:

H,=H,,+Hy+Hy=0,Gb\/p+a; e )y +Hy (3)

where H, is contribution of matrix, solid solution
atoms, and precipitates strengthening to the micro-
hardness.

The parameters «, = 0.51, o; = 5.97, Hy = 179 were
fitted through the experiment data via least square
method. The fitted curve through equation was also
plotted in contrast to measured value in Fig. 11a. The
evolutions of measured value were in good agree-
ment with the fitted curve, suggesting that the

230
—e— Creep state
—O— Ageing state
220 F
wn
»n
Q
£
=
o210t
<
)
B
)
= 200 |
190 |
1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
Time/h
Figure 8 Variation of micro-hardness 9% Cr steels at different
lifetime.
360
(a) —O—Yield strength
—e— 1
& sl Ultimate strength
=
g
- 320 F
[N
e
£, 300
=
@
&
@ 280 |
=
)
£
5 260 }
|2
240 |
L L | 1 L L
0 500 1000 1500 2000 2500
Time/h

Al%

J Mater Sci (2023) 58:4637-4656

microstructure and micro-hardness can be well cor-
related through Eq. (3). The reduction in dislocation
density and increase in martensite lath width were
the main factors causing the decline of hardness in
the present investigation.

High-temperature yield strength

The yield strength of metallic alloy can be divided
into two aspects [47, 48]: (i) the contribution of dis-
locations in the metals, 7,; (ii) the strength provided
by obstacle such as boundaries and particles, 7o. The
yield strength can be described as [49]:

oy = (‘E% +13) (4)
The contribution of dislocation strengthening is

described as:

1, = o1 MGb /p (5)

where M is the Taylor factor(~ 3 for bcc iron [50])
and o4 is a material constant between 0.2 and 0.5.
The contribution of obstacles is defined as:

(6)

where 1p is the strengthening due to precipitates, tp is
the contribution of boundaries, tpy is the Peierls—
Nabarro stress, and ts and 17 are the strength pro-
vided by solute atoms and interstitial atoms.

The DPeierls-Nabarro stress is the shear stress
required to move a dislocation in the absence of other
strengthening mechanisms, and the Nabarro model is
used here.

To =Tp+ T8+ TpN + Ts + 71

60 100
(b) —o—Elogation
—s—~Reduction of area
50 | 4 90
.—././
40 e
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0 500 1000 1500 2000 2500
Time/h

Figure 9 Variation of the a yield strength and ultimate strength and b elongation and reduction of area at 873 K with different creep time.
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Figure 10 Fractography of tensile specimen exposed to different creep time (873 K,160 MPa): a 0 h, b 500 h, ¢ 1000 h, d 1500 h,
e 2000 h, f 2500 h.
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Figure 11 Comparison of experimental values and predicted data: a micro-hardness and b high-temperature yield strength.

o = 2G exp( 2n > (7) where kyp(g) is the Hall-Petch constant at 0 K, d, is the
T—v T—v mean block width.
where v is Poisson’s ratio. The contribution of low-angle boundaries is:
The overall contributions of GBs can be expressed 1A = %2 Gb/ 4 (10)
as

where o, is a material constant between 2 and 3.
T = THp 1 TLAB (8) As mentioned before, MX and M,3Cy were
observed in the as-received materials. MX mainly

The contribution of HAGB is [511: precipitated in the lath, whereas M»3Cq carbide pre-

- ke (T) _ kip(0) exp( -T ) 9) cipitated at both boundaries and interior. Laves
Vg  \/dg 326K phase mainly precipitated on the lath boundaries and
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PAGBs. These precipitates not only contribute to the
high-temperature strength, but also effectively inhibit
the dislocation movement and lath coarsening due to
strong pinning effect, thus improve the creep
strength.

The contribution of the precipitates can be defined
as:

tp.; = 0.8 MGb/ ¥ (11)
= fB T%zgceg,Laves + (1 _fB) 111\3/17)1(1.,\1M23 Cov (12)
MX, Mas Coin

Mpys Cep, Laves s
where tp 1\ and 75 % represent precipi-

tates yield strength in the lath interiors and bound-
aries, respectively, fp is the fraction of the precipitates
located in the boundaries, 4’ is mean spacing
between precipitates can be expressed as
/¥ =/1/N;, where N; is the number density of
precipitates.

It has been reported that 75 and 7; were negligible
in previous research [37], so ts and 7; were not taken
into consideration in this study. The microstructure
parameters are indicated in Table 2. Comparisons
between experimental values and predicted yield
strength from Eq. (4) are depicted in Fig. 11b.

Microstructure evolution of 9% Cr steels
at different creep stage

As mentioned before, decline of dislocation density,
recovery of martensite laths, precipitation of new
phases and coarsening of precipitates occurred dur-
ing creep, and quantitatively estimated strengthening
contribution at different stage are illustrated in
Fig. 12 according to the equations in sub-Sect. “High-
temperature yield strength”. In this section, the
specific role of each factor to the different creep
stages will be discussed.

Table 2 Microstructure parameters of 9% Cr steels under
different creep life

Creep time (h) 0 500 1000 1500 2000 2500 2975

p(10%/m?» 84 61 29 31 29 14 11

Jy(nm) 366 461 557 610 780 942 974
fs 0.87 095 094 096 094 096 0.98
P poundariesy 612 558 571 539 539 556 607
I interion) 954 1178 955 1070 889 1075 1566
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Primary creep stage

In primary creep stage from initial state to about
1000 h, the dislocation density decreased signifi-
cantly from 84 x 10 m™ 2 to about
2.9 x 10" m— % The sharp decline of dislocation
density during the primary creep stage was mainly
attributed to remarkable annihilation of lattice dislo-
cations with opposite signs [52]. Negligible change
occurred in size and area fraction of MX carbonitrides
by TEM observation, which is consistent with the
experimental results observed by Panait et al. [23].
They ascribed that the amount, size and shape of MX
carbonitrides kept almost unchanged even after 113,
431 h creep time at 873 K. M,3C¢ carbides distributed
in the intra-lath region also kept stable, and My3C,
carbides located at boundaries coarsened slightly.
The fraction of Laves phase increased consistently,
but the size remained relative small. In summary,
coarsening of precipitates was negligible in this stage.
Although fine precipitates dispersed in the matrix
and boundaries provided strong pinning force to the
migration of lath boundaries, the coarsening of
martensite lath was also appreciable, as shown in
Fig. 4. These may attributed to the high creep stress
in this study. So, as illustrated in Fig. 13b, the
degradation of micro-hardness and strength was
mainly attributed to the decline of dislocation density
and coarsening of martensite lath, which can also be
verified by quantitative analysis in Fig. 12.

—a— Dislocation strengthening
—A— Grain boundary strengthening
—e— Precipitation strengthening

w
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Figure 12 The strengthening contribution of dislocation, grain
boundary, and precipitation at different creep stages.
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Secondary creep stage

During elevated temperature deformation, marten-
site lath boundaries act as both sources and sinks for
dislocations and play an important role in plastic
deformation [53]. In the secondary creep stage from
about 1000 to 2000 h, the increase in lattice disloca-
tions resulted from knitting out of lath boundaries
was in balance with the decrease in dislocation
trapped by the boundaries, and hence the overall
dislocation density kept stable [52]. The coarsening of
precipitates was still sluggish. The predominant
microstructure change in this stage was probably the
widening of martensite lath, as shown in Fig. 12.
Abe [54] proposed two mechanisms for coarsening
of martensite lath, the combination of two adjacent
laths and the movement of the Y-junctions. The
combination of two lath boundaries will generally
cause the disappearance of lath boundaries, leaving
the row of M»3Cg carbides in the matrix. However,
there was no overwhelming evidence to verify the
presence of the row of precipitates in the present
research, which is in consistent with previous
research [54, 55]. As a result, it can be inferred that
the movement of Y-junctions underlying the lath
coarsening was the main mechanism for the coars-
ening of martensite lath in the present study, as
illustrated in Fig. 13c. Martensite laths hardly coars-
ened under stress-free state for 3% Co modified P92
steel [56, 571, and applied stress played an important

(b)

0 @ Laves phase

. MX \"‘\ \

- Dislocation \ '\« ’

Dislocation net
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role in martensite lath coarsening [23, 43, 58], which
also can be confirmed in this study (Fig. 4e). Qin [59]
have proposed a model to clarify the relationship
between the subgrain size and applied stress (o),

log 4, = log /s + log (/1 ) exp (TZ) (13)

where /; represents the subgrain size, /¢ is the sub-
grain size for as-received specimen, k(¢) ~ 0.12 is a
growth constant, 2, = 10Gb/¢ is subgrain size in the
steady-state [60], G is shear modulus at given tem-
perature, and ¢ is the accumulated creep strain.

The comparisons of the measured results and cal-
culated lath width using Eq. (13) are shown in
Fig. 4e. The measured results are consistent with the
experimental results of Xiao et al. [37], whereas
experimental data were slightly higher than pre-
dicted values [23]. Armaki et al. [36] reported that
coarsening of martensite lath was controlled by strain
in short-term creep regime, but controlled by the
stability of precipitates during long-term creep.
Aghajani [43] has verified that the subgrain widths
were well rationalized and predicted by Eq. (13) for
long-term creep test under relative low creep stress.
The deviation of the experimental and modeling
results here was probably because the fact that the
interrupted tests were conducted under high creep
stress, in which regime the coarsening of the lath was
mainly controlled by strain rather than the stability of
precipitates. Besides, it is possible to estimate the

Equiaxed
structure

—— Yield strength '
—e— Tension strength
—+— Micro-hardness

Degradation ratio
f=1
K=

e
)

0 500 1000

1500 2000 2500 3000

Time/h

Figure 13 Schematic diagram of microstructure evolution at different creep stage: a initial state, b 1000 h, ¢ 2000 h, d 2975 h,

e degradation trend.
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accumulated creep strain via the actual subgrain size
based on the relationship depicted in Eq. (13). In
turn, the creep strain and residual lifetime also can be
predicted by the subgrain size [61].

Tertiary creep stage

It was widely accepted that M,3Cg carbides play more
effective role on hindering the coarsening of
martensite lath than MX carbonitrides and Laves
phase. The carbide-stabilized substructure strength-
ening was the most significant contribution on the
creep strength [36, 62-65]. The coarsening rate of
M,3Ce carbides in the boundaries was obviously
higher than interior for the solute atoms diffused
faster in the boundaries. Creep strain can also accel-
erate the coarsening of M;C¢ carbides; this is prob-
ably because solution atoms diffused faster under
creep condition [66, 67]. In the meantime, Laves
phase coarsened consistently after nucleation, as
shown in Fig. 6.

The continuous coarsening of precipitates not only
reduced the precipitation strengthening but also
mitigated the interaction between free dislocation
and boundaries. When the pinning force between
precipitates and boundaries dropped below a critical
value, the boundaries will detach from precipitates
[26, 68]. Then the movement and merging of
martensite lath were no longer suppressed, leading to
the quick recovery of martensite lath structure. The
disappearance of some lath boundaries and increase
in lath width highly facilitated dislocation glide and
contributed to further reduction in dislocation,
especially the low-angle boundaries. The continuous
decline of the dislocation density lowered the drag
effect between dislocation and solution atom, thus
promoted the further coarsening of precipitates. Then
the process trapped into a vicious circle, resulting in
the continuous degradation of 9% Cr steels. A sche-
matic illustration of the synergistic effect of coarsen-
ing of martensite lath and precipitates and decline of
dislocation density occurred in the tertiary creep
stage, as illustrated in Figs. 12 and 13d.

The role of Laves phase during creep

It was reported that Laves phase nucleated at the
PAGBs or martensite lath boundaries, as well as the
position adjacent to My3C, carbides [11, 69, 70]. Pre-
cipitation of Laves phase depleted W and Mo from
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solid solution, thus decreased the solution strength-
ening [29]. On the other hand, finely dispersed Laves
phase in early stage can also provide precipitation
strengthening [71]. It was interesting to find that
although the dislocation density kept stable and
martensite laths continued to coarsen from 1000 to
1500 h, the strength exhibited insignificant degrada-
tion. This is probably due to that the continuous
precipitation of dispersed fine Laves phase compen-
sated for the coarsening effect. As depicted in Fig. 12,
the contributions of dislocation strengthening and
grain boundary strengthening declined while the
precipitation strengthening increased. Wang et al.
[72] reported that Laves phase particles nucleated
rapidly within the first approximately 1500 h during
aging and then coarsened significantly after about
3000 h. Consistent nucleation of fine Laves phase
decreased the mean space between the precipitates
on the boundaries, hence exerted additional pining
force for migrating boundaries and dislocations [73].
In the present research, the average size of Laves
phase at rupture state coarsened to only 166 nm,
which was similar to M»3Cg carbides. As shown in
Fig. 14a, dispersed Laves phase particles distributed
at boundaries hindered the movement of dislocation
and boundaries, thus contributing to precipitation
strengthening and lath (subgrain) strengthening.

Xu et al. [32] have reported obvious strain con-
centration around large Laves phase, which deterio-
rated mechanical properties, especially ductility. In
order to better characterize the strain distribution
around Laves phase, TKD examination with EDS
mapping was conducted with rupture specimen at
2975 h. Forward scattered image corresponding to
TEM micrograph is shown in Fig. 14b, and image
quality and phase map are depicted in Fig. 14c, and
mapping images of Cr, W and Mo are depicted in
Fig. 14e and f, respectively. From these, we can
clearly distinguish the distribution of M,3Cs carbides
and Laves phase in matrix by element mapping
images. Kernel average misorientation (KAM) anal-
ysis for 9% Cr steel shown in Fig. 14d indicated
insignificant strain concentration around Laves phase
even at rupture state. Lee et al. [18] have reported a
critical size of 130 nm for Laves phase triggered the
ductile to brittle transition. Coarsened Laves phase
particles located at boundaries can hinder plastic
deformation and cause stress concentration, which
induce creep cavities, reduction of the strength and
ductility and brittle intergranular fracture [11]. The
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Figure 14 Laves phase in 9% Cr steel at 2975 h (rupture state): a TEM micrograph, b forward scattered image corresponding to (a),
¢ image quality and phase map, d Kernel average misorientation (KAM) analysis, mapping images of Cr (e), W and Mo (f).

elongation and fractured morphology of tension
specimens exposed to different creep duration basi-
cally kept unchanged in the present study, as shown
in Figs. 9 and 10. It can be attributed to the relative
small size of Laves phase particles dispersed at the
boundaries, which provide precipitation strengthen-
ing without deteriorating the ductility. The

precipitation of Laves phase in early stage provided
additional strengthening effect and compensated for
the strength loss caused by the coarsening of
martensite lath. Moreover, the growth of Laves phase
induced insignificant stain concentration and ductil-
ity deterioration.
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Conclusions

In the present work, the evolutions of mechanical
properties and corresponding microstructure during
creep were investigated by conducting a series of
interrupted creep test in a 9% Cr heat-resistant steels.
The relationship between mechanical properties and
microstructure evolution was analyzed. The pre-
dominant factors for degradation of mechanical
properties at different creep stage were discussed.
The main conclusions can be drawn from present
investigations:

1. The dislocation density declined from
8.4 x 10" m™ ? at initial state to 1.1 x 10'* m™~ ?
after rupture at 2975 h, while the width of
martensite lath increased from 366 to 974 nm.
The average size of Laves phase and Mjy3Cq
carbides located at boundaries increased from
about 110 to around 160 nm, whereas the average
size of MX phase and M;3C, carbides within laths
kept stable at 43 nm and 62 nm, respectively. No
significant change of grain boundary characteris-
tic was found during the creep.

2. The high-temperature yield strength (micro-hard-
ness) significantly decreased from 294 MPa (220
HVO0.1) at initial state to 271 MPa (203 HV0.1) at
1000 h and kept relatively stable to 1500 h and
then declined continuously to 239 MPa (192
HV0.1) until rupture. The elongation and frac-
tured morphology of tension specimens exposed
to different creep duration basically kept
unchanged.

3. The main mechanisms for degradation of
mechanical properties in primary creep stage
were decline of dislocation density and coarsen-
ing of martensite lath. Coarsening of martensite
lath, as well as precipitation strengthening played
significant role in secondary creep stage. In
tertiary creep stage, synergistic effect of coarsen-
ing of martensite lath and precipitates and
decline of dislocation density resulted in acceler-
ated degradation of mechanical properties.

4. The precipitation of Laves phase in early stage
provided additional strengthening effect and
compensated for the strength loss caused by the
coarsening of martensite lath, contributing to the
stability of mechanical properties from 1000 to
1500 h. Moreover, the growth of Laves phase
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induced insignificant stain concentration and
ductility deterioration.
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