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The thermal aging effects on mechanical properties and microstructures in China low-

activation martensitic steel have been tested by aging at 550 �C for 2,000 hours, 4,000 hours,

and 10,000 hours. The microstructure was analyzed by scanning and transmission electron

microscopy. The results showed that the grain size and martensitic lath increased by about

4 mm and 0.3 mm, respectively, after thermal exposure at 550 �C for 10,000 hours. MX type

particles such as TaC precipitated on the matrix and Laves-phase was found on the

martensitic lathboundaryandgrainboundaryonagedspecimens.Themechanical properties

were investigatedwith tensile andCharpy impact tests. Tensile properties were not seriously

affected by aging. Neither yield strength nor ultimate tensile strength changed significantly.

However, theductileebrittle transition temperature of China low-activationmartensitic steel

increased by 46 �C after aging for 10,000 hours due to precipitation and grain coarsening.

Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The reduced activation ferritic/martensitic (RAFM) steels have

been developed using modified (8e12)CrMoVNb type ferri-

ticemartensitic steels by replacingNb,Mo, andNiwithW,Mn,

and Ta to obtain low activation capability [1]. RAFM steels are

considered the primary candidate structural materials for

future fusion power reactors because of their good thermo-

physical properties, thermomechanical properties, and gen-

eral industrial experience [2]. China low-activation
u).

sevier Korea LLC on beha
mons.org/licenses/by-nc
martensitic (CLAM) steel is a RAFM steel that was developed at

the Institute of Nuclear Energy Safety Technology, Chinese

Academy of Sciences, Hefei, China with the collaboration of

many domestic and international institutes and universities

[3e6]. It has been chosen as the primary structural material in

the designs of FDS series PbLi blankets for fusion reactors, the

China test blanket module for ITER (ITER CN TBM), and the

breeder blanket of China fusion engineering test reactor [7]. A

series of studies of CLAM steel have been done by the FDS

team, including property measurement [8e12], welding
lf of Korean Nuclear Society. This is an open access article under
-nd/4.0/).
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Fig. 1 e Optical micrographs of as-received and aged samples of China low-activation martensitic steel. (A) As-received; (B)

2,000 hours; (C) 4,000 hours; and (D) 10,000 hours.
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techniques [13], post irradiation performance [14], and the

research and development of TBM [15,16].

The upper limit temperature of the CLAM steel used in

breeding blankets was proposed to be 550 �C. Hence, the

thermal aging property is an important property to ensure the

operation safety during exposure at the operating tempera-

ture. After long-term thermal exposure, the microstructure of

RAFM steel will evolve, including precipitation and grain

coarsening. This results in changes of mechanical properties.

A number of thermal aging tests of other RAFM steels such as

F82H and Eurofer have been conducted to characterize the

microstructure evolution and properties change [17,18].

However, few studies were conducted on the aging effects of

CLAM steel at 550 �C. The aim of the present work is to

investigate the microstructure evolution and mechanical

properties change of CLAM steel that has been aged at 550 �C
up to 10,000 hours.
2. Materials and methods

The CLAM steel (HEAT 1005) used in this study was melted in

a vacuum induction furnace and then electro-slag remelted

into an ingot of 500 kg. The chemical composition of this

material was 0.092% C, 8.9% Cr, 0.14% Ta, 0.15% V, 1.5% W,

0.05% Si, 0.49% Mn, 0.005% P, 0.002% S, and Fe in balance (in

wt.%). The hot-rolled CLAM steel plate was heat treated with

normalizing at 980 �C for 30 minutes and tempered at 760 �C
for 90 minutes. Then, the tempered specimens were sub-

jected to exposure at 550 �C for 2,000 hours, 4,000 hours, and

10,000 hours under air atmosphere in a tube furnace. The
machining allowance of each specimen was more than 2mm

to eliminate the oxidation effects on the mechanical prop-

erties of the specimens.

The microstructure of the aged specimens was analyzed

with optical micrographs (OM), a scanning electron micro-

scope (SEM), and a transmission electron microscope (TEM).

The surfaces of all the specimens used in OM were etched

with ferric chloride solution, and the OM was used to

observe the grains of CLAM steel samples. The grain size

was measured with microimage analysis and process soft-

ware using linear intercept measurement. The samples for

the SEM images were produced by electrolytic polishing. The

electrolyte was a solution of 20% perchloric acid and 80%

alcohol, and the operating voltage was 20 V. The Ø3 mm

discs used for TEM observation were polished down to a

thickness below 0.1 mm. Then the discs were electro-

polished to their final thickness using a double jet electro-

polisher with a solution of 10% perchloric acid and 90%

alcohol at �8 �C.
The mechanical properties after aging were measured by

tensile and Charpy impact tests. Both the cylindrical tensile

samples (Ø5 mm) and the Charpy-V-notch samples

(10 mm � 10 mm � 55 mm) were machined parallel to the

rolling direction of the plates. The tensile tests for as-

tempered and as-aged samples were conducted at a strain

rate of 5� 10�3 Hz in air at room temperature and 550 �C. Each
condition for the tensile tests used three samples. The ducti-

leebrittle transition temperature (DBTT) of CLAM was ob-

tained by the Charpy impact test. The testing temperatures

ranged from �120 �C to room temperature (RT), and there

were not less than two samples for each condition of the

Charpy impact tests.
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Fig. 2 e The transmission electron microscope images of aged samples of China low-activation martensitic steel. (A) As-

received; (B) 2,000 hours; (C) 4,000 hours; and (D) 10,000 hours.
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3. Results and discussion

3.1. Characterization of microstructure

The OM and TEM images of the as-received and aged samples

are presented in Figs. 1 and 2, respectively, showing the

microstructure evolution of the CLAM steel samples after

long-term aging. No evident martensitic lath was found in the

opticalmicrographs of any samples (Fig. 1). The reasonmay be

that the martensitic lath was too thin to be observed with the

OM. The average grain sizes of differently time-aged samples

are presented in Table 1. Compared with the as-received

sample the average grain size of the sample after aging for

10,000 hours was increased from 8.13 mm to 11.82 mm. The

driving force of the migration of grain boundaries is surface

energy. Hence, the grain coarsening is a spontaneous process

during exposure at 550 �C for long time.
Table 1 e The average grain size of CLAM steel with
different aging times.

Samples Average grain size (mm)

As-received 8.13

2,000 hr 9.50

4,000 hr 10.02

10,000 hr 11.82
The martensitic lath boundary was observed clearly with

TEM (Fig. 2). Fig. 2 shows that the tempered martensitic

microstructurewas relatively stable during aging at 550 �C; the
martensitic lath boundary could be observed clearly even after

aging for 10,000 hours (Fig. 2D). Moreover, the most obvious

evolution of the martensitic structure of CLAM sample was

the lath coarsening for aging at 550 �C. The width of the

martensitic lath before aging (Fig. 2A) was ~0.25 mm, and it

increased to ~0.63 mmafter aging for 10,000 hours (Fig. 2D). The

prior austenite grain boundary (PAGB) and martensitic lath

boundary are thermodynamically unstable structures. The

boundarieswould evolve gradually during the long-termaging

at high temperature. Lath coarsening is the process of dislo-

cation movement and annihilation. The increase of both

temperature and time could augment the amount of disloca-

tion movement and annihilation [19,20]. In this study, it was

found that the lath boundaries were coarsened gradually with

the increase of aging time, but the evolution of martensitic

lath into subgrain was not significant, due to the lower aging

temperature compared with other studies [21,22].

The precipitates played an important role in the micro-

structure stability for the heat-resistant steel during the long-

term operation at high temperature. The SEM images of the

as-received and aged samples of CLAM steel exhibited the

evolution of size and distribution of precipitates (Fig. 3). The

images show that the size of the M23C6 particles increased

with increasing aging time. After aging for 10,000 hours, the

http://dx.doi.org/10.1016/j.net.2015.11.004
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Fig. 3 e The scanning electron microscope images of as-received and aged samples of China low-activation martensitic

steel. (A) As-received, (B) 2,000 hours, (C) 4,000 hours, and (D) 10,000 hours.

Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 5 1 8e5 2 4 521
particles including M23C6 and Laves-phase are distributed

unbrokenly in a network along the PAGB (Fig. 3D).

In as-received condition, the majority of precipitates were

M23C6 type carbides and the other minorities were MX type

particles. The M23C6 carbides basically precipitated along the

PAGB and martensitic lath boundaries (Fig. 3A), and the mor-

phologies of the M23C6 carbides presented as rod-shape,

ellipsoid-shape, and spherical-shape. The chemical compo-

sitions of the M23C6 carbides were analyzed by Energy

Dispersive Spectrometer (EDS) as shown in Fig. 4B. The result

showed that the metal elements in the M23C6 carbides

included Fe,W, and Cr, not only Fe and Cr. The reason could be

that W partly replaced Cr in (Fe,Cr)23C6, then formed

(Fe,Cr,W)23C6. After aging for 2,000 hours, the M23C6 carbides

became larger and more evenly distributed than those of the

as-received sample (Fig. 3B). The number of small sizeMX type

carbides increased, and they mainly precipitated within

martensitic laths (Fig. 4C). The EDS analysis of MX particles is

shown in Fig. 4D. The results indicate that the MX type car-

bides were rich in Ta. According to other studies about RAFM

steels [21,23], the Ta-rich particle might be TaC.

For longer aging (10,000 hours), a new kind of particle,

which was mainly composed of Fe, W, and Cr, was formed in

the CLAM steel. Tamura et al [23] identified that the new kind

ofW-rich particle as Laves-phase. Generally, Laves-phase was

precipitated along the PAGB and martensitic lath boundaries,

and it associated with M23C6 to reduce the phase trans-

formation free energy, thereby raising the nucleation rate and

reduce the critical nucleation energy [24]. The Laves-phase

engulfed M23C6 carbides, especially the W-rich carbides, to

consume the W element. The Laves-phase presented as the

rod-shaped particles shown in Fig. 4G. The length andwidth of

the Laves-phase was about 361 nm and 89 nm, respectively.

The chemical composition of Laves-phase was 34Fe-9Cr-56W-

Mn (in wt%) analyzed by the EDS (Fig. 4H).
3.2. Tensile properties

The results of ultimate tensile strength (Rm) and yield strength

(RP0.2) of CLAM steel before and after different aging times are

shown in Fig. 5. The test temperatures were 550 �C and RT.

The strength of the CLAM steel was not changed obviously

during the thermal exposure at 550 �C up to 10,000 hours. The

ultimate tensile strength at RT was increased by 21 MPa after

aging for 2,000 hours, and then the samples exhibited slight

softeningwith the increasing of aging time. The same variation

tendency was exhibited at 550 �C tensile testing. However, the

yield strength at RT presented a different variation tendency

compared with the ultimate tensile strength after long-term

aging at 550 �C (Fig. 5). It slightly decreased after aging for

2,000 hours. The reason could be that the error of yield strength

at RT was larger than the others as, shown in Fig. 5.

After aging for 2,000 hours, the TaC increased obviously.

Generally, the dislocation movement could be pinned by

second-phase particles, that induced precipitation strength-

ening, and led to a slight increase in strength. After aging over

4,000 hours, the formation of Laves-phase was at the expense

of the dissolved W near the grain boundary and M23C6 car-

bides, which reduce the solid solution strengthening and

counteract the increase of strength by TaC particles. The new

Laves-phase nucleated at the boundary next to the M23C6

particles. So, the Laves-phase and M23C6 carbide were con-

nected together as a single large particle. Hence, the Laves

phase could not provide the precipitation strengthening by

itself, which could lead to a slight decrease in strength after

aging for more time.

3.3. Charpy impact properties

The upper shelf energy and DBTT of the CLAM steel sample

after aging for different timeswere obtained by Charpy impact

http://dx.doi.org/10.1016/j.net.2015.11.004
http://dx.doi.org/10.1016/j.net.2015.11.004


Fig. 4 e The transmission electron microscope images and EDS analysis of precipitates of as-received and aged samples of

China low-activation martensitic steel. (A, B) as-received; (C, D) 2,000 hours; (E, F) 4,000 hours; and (G, H) 10,000 hours.
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tests, and the results are presented in Fig. 6. The upper shelf

energy of the samples changed slightly and the impact

absorbing energy at RT only decreased by 7 J compared with

that of the as-received condition even after aging for 10,000
hours. However, the DBTT of the thermally-aged CLAM steel

increased remarkably by about 46 �C.
Many factors, including grain size and precipitates, could

influence the DBTT. A small grain size provides a higher grain

http://dx.doi.org/10.1016/j.net.2015.11.004
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Fig. 5 e Strength of the China low-activation martensitic

steel after long-term thermal aging.
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boundary area per unit volume, which retards or deviates the

propagation of cleavage cracks. Thus, it eventually leads to a

toughness increase. However, only high-angle boundaries

(HAB) such as prior austenite grain boundaries and martens-

itic packet boundaries are effective in retarding or deflecting

the crack propagation [25]. The martensitic lath boundaries,

which are low-angle boundaries, are ineffective in retarding

the crack propagation for small boundarymisorientation. The

grain size of CLAM steel was increased by about 4 mm after

aging at 550 �C for 10,000 hours as shown in Table 1, which

could reduce the toughness and increase the DBTT of CLAM

steel. The relationship between grain size and DBTT can be

given by the following equation [26]:

a�DBTT ¼ b� ln
�
deff

��1=2
(1)

where a and b are constants, and deff is effective grain size. The

equation indicates that the DBTT increases with the increase

of effective grain size.
Fig. 6 e Impact curves of the China low-activation

martensitic steel after long-term aging at 550 �C.
Precipitates could play an important role in impact

toughness. The nucleation of microvoids or initiation of

cleavage cracks usually occur at the particleematrix interface

or the fracture of particles [27]. After aging for 10,000 hours,

the size of M23C6 was increased, and new Laves-phase was

formed and expanded. Cavities would nucleate at boundaries

between the large particles and matrix. Particles with an

average size > 0.13 mm could trigger the fracture mode trans-

formation from transgranular fracture to intergranular frac-

ture [21]. Hence, it was understandable that the DBTT was

increased by 46 �C after aging for 10,000 hours.

The influence of thermal aging on the microstructure and

the mechanical properties of CLAM steel were investigated in

this study. The results are summarized as follows. (1) The

martensitic lath could be observed clearly with TEM. The sizes

of grains and martensitic lath were increased by about 4 mm

and 0.3 mm, respectively, after long-termexposure at 550 �C for

10,000 hours. (2) The Laves-phase was discovered in the

samples after aging for 10,000 hours at 550 �C. It was mainly

nucleated at the grain boundaries to reduce the critical

nucleation energy. (3) The strength of the CLAM steel was not

obviously changed during the thermal exposure at 550 �C up to

10,000 hours. (4) The DBTT of the CLAM steel sample was

increased by 46 �C after aging for 10,000 hours. This was

caused by the grain coarsening and the particle precipitation.
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