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CORROSION BEHAVIOR OVERVIEW AND ANALYSIS OF CLAM STEEL VS.
WELDMENTS IN LIQUID LITHIUM LE AD AT 753K”

Liguid lithium lead material is one of the most
promising concepts for the latest fusion atea
blanket desigrwhich has been widely investiga
ed. It uses liquid lithium lead as breeding enat,
lithium for neutron breeding and lead for proeu
ing trittum. China, the European Union, the tdni
ed States and other members of ITER (Irdern
tional Thermonuclear Experimi&t Reactor) all
pay significant attention to the research amd d
velopment of the liquid lithium leaili 3]. The
main functions of the lithium lead alloy include
energy caoversion, tritium breed and radiation
shield, it is crucial component in order to make
fusion energyd achieve the ultimate applications.
However, the concern about liquid metal blanket
is its compatibility with candidate structural reat
rials [4].

Coolant materials not only suffer highmrie
perature and high pressure, but also bear strong
neutron irradiatio under complex dynamiond-
tion. Reduced activation ferritic/martensitic
(RAFM) steel used as structural materials- b
comes one of the most attractive designs for
ITER-TBM [5]. To keep pace with theesearch
and development of RAFM steel in other neu
tries and meet the demands of constructing the
DEMO and the first fusion power plant, China has
developed its own low activation martensitic
(CLAM) steel one ofthe RAFM (F82H, JLFL,
EUROFER 97, 9Cr2WVTa) steels, the research
and development are done by the fusion design
study team form ASIPP (Institute of Plasma &hy
ics Chinese Academy of Sciences) oogeration
with some instiitions and universities in 2001
[6]. CLAM steel seve as nuclear fusion reactor
cladding material, is used for manufacturing TBM
(Test Blanket Module) internal cooling ssages
[7], due to the flow channels structure is complex,

" This work is sponsored by the National Natural
Science Foundation of China under Grant Nos.
50905079 and 51375216. We deeptkriowledge and
appreciate the work our prezkssors have done. We
appreciate Professor Bruce Madigan and Mathan
Huft from Montana Tech. for their language polishing.
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different runner sizes and ptiens make overall
molding difficult, welding technique is a major
means of connecting these parts. The severk-wor
ing conditions give strictequirements to CLAM
steel and its weldments, therefore, improving the
weld joint corrosionresistanceis one of key
factors in practical application. In this article,gpr
vious work on corrosion behaviortiveen base
metal and its weldments in static and flowing-li
uid lithium lead aredcused.

Weldability of CLAM steel

Base on the research and design experience of
Europe, Japan and Ued States about RAFM
steel, China has developed its own characteristic,
composition and performance optimized China
Low Activation Matensitic steel. CLAM steel is
regarded as one of the most realistic fusion first
wall material, because of itexcellent perfar-
mance such as high resistance to irradiationlswel
ing and irradiation embrittlement [8], low thermal
expansion coefficient and high temperature-m
chanical properte compare to traditional auste
itic stainless steels [9], Main chemical comipos
tion and mechanicaroperties are shown in Table
1 and Table 2, elements Nb and Mo that cause
long time activation under neutron irradiation are
replaced by W, V and Ta, therdgent of Ta is 0,20
% to improve the high temperatuperformance
Cr content at 9 % provides the lowest DBTTddu
tile-brittle transition temperature) in irradiatenco
dition, when the percentage is more than 12 %,
delta ferrite will begin to appear, toughness will
decrease and the corrosion rate will also be &ffec
ed. The heat treatment is normalizing at 1253 K
for 30 minutes and then cooling in air to room
temperature (Rrand tempering at 1033 K for 90
minutes then air cooling to RT17, 18] After
normalizing, high density dibcation structure is
obtained, in subsequent tempering process the
dislocation is reduced griha and precipitated
phase formed. These precipitates strongly pin in
dislocations, further improve the high temperature
mechanical properties, plasticity and toughness.
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Table 1
Chemical composition of RAFM steel [10 12] (wt %)
Cr W \% Ta Mn C Ni Cu Fe
CLAM 8.91 1.44 0.16 0.20 0.35 0.12 0.043 0.028 Bal
EUROFER 97 8.82 1.09 0.20 0.13 0.47 0.11 0.02 - Bal
JLF1 8.93 1.96 0.21 - 0.64 0.10 0.49 - Bal
Table 2
CLAM steel mechanical properties between room temperature and 580[137 16]
Yield Elongationat Redction
strengthf t © Tensle strength/ ¢ g% of ared% Tosr/3
RT 512 660 23 77 -52
5508 340 365 24 84 -

Microstructure is observed kyptical microscope
(OM) as shown in Fig. 1 [19]. Fig. ) shows
that base metal microstructure distribution i$- un
form, grains refinement and no delta ferigeob-
served, which means that base metal is fuliy-te
pered. After welding, miastructure is unevenly
distributed, grain size become coarse as shown in
Fig. 1 ©).

Suitable fusion weldingechniquefor CLAM
steel include gas tungsten arc dimty (GTAW),
laser beam welding (LBW), plasma arc welding
(PAW), ultrasonic TIG weling and hot isostatic
pressure diffusion welding (HIP) [20, 21]. The
welding heat input, weld metalemelting and
crystallization, heat féected zone (HAZ) grain
growth, delta ferrite appear between the pri@-au
tenite grain boundaries have seriously affected the
performance of the weidnent [22 T 24]. These
changes make weld joints prone to phenomenon
of weld zone hardening, heat affected zone sefte
ing, and cold cracking. The advantages of GTAW

method are: weld zone is well protected, heat i
put is concentrated and welding deformation is
small as well as easilyealize mechanization and
automation. Beijig university of science and
technology had done -type and double Yype
grooves welding tests on 13 mm thick CLAM
steel plates using GTAW method [25], the study
find thatheat affected zone is slightly large, from
fusion zone to base metal, hardness itistion
firstly decrease and then slightly increase. GTAW
welding of 4 mm thick CLAM steel is conducted
with the current 96A and the speed is about
5cm/min in Jiangsu univsity [26], the results
show that weld zone hardness values are on the
high side, hat affected zone near the base metal
existed a narrow softening area, microstructures
are obvious lath character tempered tensite.

Ligquid metal lithium lead loop
A series of experimental devices (heat canve
tion and forced convection loop) on materiets-

Fig. 1. Microstructure of base meta) @nd the weldk) [19]

-17 -


../Documents/Documents/UsersAdministratorAppDataLocalYodaoDeskDictframe20150801070325javascript:void(0);
../Documents/Documents/UsersAdministratorAppDataLocalYodaoDeskDictframe20150801070325javascript:void(0);
../Documents/Documents/UsersAdministratorAppDataLocalYodaoDeskDictframe20150801070325javascript:void(0);
../Documents/Documents/UsersAdministratorAppDataLocalYodaoDeskDictframe20150801070325javascript:void(0);
../Documents/Documents/UsersAdministratorAppDataLocalYodaoDeskDictframe20150801070325javascript:void(0);
../Documents/Documents/UsersAdministratorAppDataLocalYodaoDeskDictframe20150801070325javascript:void(0);
../Documents/Documents/UsersAdministratorAppDataLocalYodaoDeskDictframe20150801070325javascript:void(0);
../../../../æ��é��/Dict/6.3.69.4001/resultui/frame/javascript:void(0);
../../../../æ��é��/Dict/6.3.69.4001/resultui/frame/javascript:void(0);
../../../../æ��é��/Dict/6.3.69.4001/resultui/frame/javascript:void(0);

I j fylsdzq S

sdBdieMS et Mz Otehise j dzdads@X 2047dzH k2 fyls to of O dz* dat

Cooling zone

Electrical

heating

Fig.2. Schematiadiagramof DRAGONH loop. [2, 32]

rosion e«periments in liquid lead lithium have
beendesigned all over the world, and RAFM steel
compatibility with liquid lithium lead is evaluated
and validated [27 29]. In China FDS team [30,
31] has successfully developed the first liquib-lit
ium lead corrosion experiment loop DRAGEIN
which the mateal is 316 L stainless steel, its-i
ner diameter is 22 mm and outside diameter 32
mm, partialschematiaiagramas shown in Fig2.
The whole circuit device main body mgists of
hot section (to place samples), cold sectionthea
ing side, cooling side and the expansion tank.
Cold and hot section temperature were set at 693
K and 753 K, heating side temperature is heated
from 693 K to 753 K continuously, while cooling
side temperaturesidesigned from 753 K drop
down to 693 K. The difference of temptire
within the hot and cold section causes the lithium
lead density distribution is newmiform, thus
forming heat convection circation under gravity.
When operating the circuit, liquiithium lead
flow into the loop from expansion tank at the top,
heat convection circulation flow between hot-se
tion and cold section, the velocity is about 0.08
m/s. After the corrosion experiments, samples are
takenout and cleaned in the solution GEOOH,
H,0, and GHsOH (1:1:1) to remove the reakial
layers and other corrosion compounds on the su

faces until the weight remain constant, thensa
ples then are groundeding sandpapers with a
grids order of 180, 360, 600, 800, 1000, 1200 and
mechanically polished by diamond polishing
agent with a thmeter of 0,5 1,25em. After fine
grinding and polishing, the surfaces are smooth
enough to observe subtle signs of corrosiom-Sa
ple surface and the cross section are tested by
XRD, EDS and SEM analysis.

CLAM steel vs. weldment corrosion rate

Weight loss and corrosion dépiollowing with
time are usually used to evaluate the corrosion rate.
Corrosion loss is determined by weight
measurements using electro balance with an
accuracy of 0,01 mg. Fig. 3 shows the weight loss
and time curve of low activation ferritic/martensitic
in flowing LiPb at 753 K, the straight line slope
between two points represents the corrosion rate.
CLAM steel corrosion rate exhibits a linear increase
close to 2500 hours, the weight loss is 1,18 mg/cm?2
as the corrosion timeeactes 5000 hours. In the
early corrosionperiod, due to the prexisting of
passivation layers, the weight loss is small and
specimens do not enter the stable corrosiorestag
until passivation layers lose protection effect.
Eurofer97 and JL-R also show bettexompatibility
with liquid LiPb in dynamic conditions.
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Fig. 3 Weight loss of low activation ferritic/martensitic steel as a function of (iba¢a are from Ref. 2, 4, 33, 34)
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Fig.4. Corrosion rate comparison between CLAM steel and its weldments as a function of time (Data are from Ref. 1,36, 37, 40

Corrosion depth is influenced by various env
ronmental parameters such asperature, flow
velocity and time [35]. The depth of the el
ments increases with time and the corrosion rate is
higher than that of base metal as shown in Fig. 4.
When the exposingrtie was 2500 hours, COF
sion depth of base metal is G¢Bn and weld is
1,25em in dynamic conditions. Corrosion depth
for 5000 h is calglated according to the previous
existed corrosion rate. It is believed that the
coarse martensite lath, residual stremsd high
heat input under welding condition make the
weldment corrosion regance lower than base
metal. If the high temperature leads to serious co
rosion, the effect of flowing rate is greater. Tder
fore, the weld corrosion rate becomes moee d
servingresearch for long time under flowing LiPb
conditions. Increasing the weldment riasion
resistance has a very important practical signif
cance in order to improve the service life of stru
tural blanket materials.

According to the above cases, if a nuclesc-
tor is designed for 100 years of operation, the
CLAM steel base metal weight loss is about
206,74 mg/crh the weld comsion depth is about
438¢em, the numerical values are acceptable. That
is to say China low activation martensite steel and
its weld not only meet the requirements of the
basic performance for common structural mater
als, and ensure the normal operation under service
condtions.

CLAM steel vs. weldment surface investigtion

Compared corrosion tests between CLAM
steel and 316L stainlesteel at 753 K with flow
velocity 0,08 m/s in yhamic conditions for 500 h
were caducted in the year 2005 by FDS team for
the first time, SEM observation and EDS analysis
hadshowed that CLAM steel corrosion resistance
was better, the surface morphology and coriapos
tion almost had no change [38]. Then longer time
experiments of 2500 h in flowing LiPb wererca
ried out, corrosive attack took placemd the e-
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tire surface, the corrosion surface was inhoeaog
neous and started with thestroy of oxide layers
formed during the heat treatment or specimens
prepagtion process.

Chen et al [36have studied and analyzed the
corrosion behavior of CLAM steehder dynamic
condition at 753 K in liquid lithium lead metal.
Specimens surface morphology, chemical comp
sition and corrosion rate had been observed and
calculated. When the corrosion timppeoached
3000 hours, more than fifty percent of the $pec
men suface did not sifer attack, the probable
reason was that the dense oxide layers protected
the intenal metal from dissolving into flowing
lithium lead alloy. Analysis showed that no LiPb
diffusion was detected on thsurface and the
maybe presence of ferritic phase reduced thie co
rosion resigance Specimens that were exposed
nearly 8000 hours exhibited irregular corrosion
and the depth was approximately s as shown
in Fig. 5. EDS line scan foundajor elements of
Fe and Cr decreased greatly in the corrosion layer
and the main difference was high oxygen content
in the corrosion zone. Due to the diffusion effect,
carbon element accumulated on the surfa=.
time changed longer, a newly forghechromium
oxide layer with high level obxygenbegan to
appear under the corrosion layer, the thickness
was about 1@m. That was supposed, when exp
sure time was long enough, elementsaliving in
liquid metal and the coosion attack continued
entering into the deeper matrix leaded to tee d
stroy of the base metal and weight loss [39, 40].
Elementsof Fe and Cr reducknear surface, the
depleted layers thickness was around a few m
crons, elements such as oxygen, tungsten have
improved obviously. Even though, the existence
of protective layers did not grent themetalfrom
dissolving into liquid metal.

Due to the influence of weld heat input, heat
affected zone (HAZ) near the fusion line or pve
heat region exhibited grain coarseltimately
formed thecoarse lathmartensite structure BSE
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Fig. 5. Crosssection and EDS analysis after 8000 h exposure [38]

images as shown in Fig. 6. From weld metal
(WM) to the coars@rained heat affected zone
(CGHAZ), uniform distributed micratructure
transformed to rough grpuNo carbide precipat
tions were found along the grain boundaries either
in CGHAZ or fusion zone (FZ) of aseld joint.
Weld metal melting and soliddation lead to the
formation of similar casting structure. Because of
high heat input and thenal cycleduring GTAW
process, the stress distribution was not uniform.
The cabide particles or oxide scdiermed on the
original austenite grain boundary or therteasite
lath boundarychromiumcontent was significan

ly reduced in this region, thus forming the easy
corrosion area.

Microstructure of CLAM steel weld is usually
coarse martensite and it has large quantities of
residual stress, these factgenerally have a great
tendency to increase the corrosion attack, making
the weldments become the weak area of themat
rials. Accoding to Chen [40, 42%tudy, the test
temperature was 753K with the flowing velocity
0,08 m/s, when the exposure time was ldgan
1000 hours, there was no lithium lead penetrating
into CLAM steel weldment and the corrosiorr-su
face was uniform. It could be concluded that-co
rosion resistance of weld state was far lower than
the tempered state of base metal, the coarse ma
tensie lath in fusion zone gave rise to a high tend
of corrosion.
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Fig. 7. was XRD images after 3000 h exposure
between base metal and weldment, it showed that
curve peaks roughly in the same ipos of two
pictures, which indicated that the main compos
tion ard phase had not changed, because there
presented mostly tempered lath martensite and
coarse martensite on the surface. The intensity of
weldment at 2 approach 45 degree was about
6500, while the base metal was 8000 [43, 44]. Fig.
8. showed corrosion morphology of CLAM steel
GTAW weld joint, pitting corrosion could bebe
served clearly in Fig. &. Fig. 8,b revealed when
corrosion time was 1000 hoursprrosion degree
was more serious than that of 500 hours. THe gu
ly like morphology had a parallel arraamgent, the
distances between the gullies were abouti0l5
em, a little thinner than the width of martensite
lath. Weldment surfaces showed uniformrro-
sion and there were no lithium lead diffusing into
internal metal, element of chromium between
martensite lathseparatd out in form of chroni
um oxide or chromium carbide, at thtaces the
original austenite grain boundary or the teasite
lath were coarse produced chromiurepleted
area [42]. It was processing orientation and dire
tion of martensite lath (DML) which were nal-
solutely vertical, that caused the chromiune-d
pleted area became more prone to @on.

WD= 76mm

Sigral A=NTS BSD

Fig. 6. BSE images near the CLAMeId [41]
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Fig. 7. XRD images after 3000 h exposuahase metalb) weldment [43, 44]

When the direction of the martensite lath and
the specimen surface presented small angle or
near the grain boundary were more likely ® b
come easy corrosion area. From the view of su
face morphology, the easy corrosion area usually
appeared along martste lath. When exposing to
liquid lithium lead, CLAM steel weldment enter
into the stage of stable corrosion, at the same time
there were more easy corrosion areas in contact
with liquid metal, whereasa resultthe initial co-
rosion rate was faster, weight loss was larger.
Easy corrosion area presented peak and valley
morphology with ups and downs. As long as the
time increased, corrosion surface moved further
inward to themternal steel.

Corrosion mechanism analysis

Dissolution andmass migration is the basic
form for liquid metal corrosion, due to the diffe
ence between solubility and dissolution rate- el
ments selective dissolution occur in the liquid
metal, mass migration refer to the directional
movement and diflsion of metal raterial from
one area to another. Based on previasearch
and anajses, the main corrosion mechanism for
CLAM steel and its weldments in liquid lithium
lead is the metal elements dissolving into tlae li

uid LiPband liquid metal penetrating into thel-so
id structure raterials [45]. Corrosion attack take
place as a function of geometry, microsttuie
and composition. Prior precipitated austenite,
martensite lathboundariesand areas with residual
stress suffer severe corrosion [44]. Corrosion a
tack firstly dissolves prexisting oxide layers
formed in the process of tempering or heatttrea
ment, the destruction requires a relatively long
time, whichis referred as the incubatiorerfpd,
and then cwoosion continue to dissolve internal
matrix and micrealloy elements as shown in Fig.
9. The narrow yellow line stands for oxide layers,
which is richer in chomium and depleted in metal
iron, indicates tht the oxide layers was likely
Cr,5Cs or CrOs. However, element ofhromium

in the matrix is depleted by diffusing to thguid
LiPb or forming the compound® *"| Elements
diffusion to liquid metal as shown in Fig. 9and
Fig. 9, ¢, the elementsidectional migration po-
duce easy corrosion area and phase transfo
mation. When the oxide layers are damages, li
uid LiPb alloy begin to permeate into base metal,
reduce corrosion resistance of migtoucture,
increase the weight loss of material and l¢ad
severe corrosion.

™

-21-

Fig. 8. Micrograph of CLAM steel weldments) (after 500 hl§) after 1000 h [40]
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Fig.9. Corrosion behavior in flowing liquid LiPl)(destroy of original oxides layeb) alloy element dissolvingc) continuous di-
solving anl LiPb perneating

Compared with tempering treated CLAM steel,
corrosion behavior of welding state is morei-ser
ous, the probable reason may be related to the
composition distribution and microstructure san
formation. Base metal microstructure is maostly
tempered lath martensite, filled with equiaxed
subgrains and a number of carbides precipitate on
prior austenite grain boundaries, sytains
boundaries and within martensite laths during
tempering. While weld and heat affected zorie m
crostructure is coaes uneven distrilition, similar
to casting martensite, results in the decrease of
corrosion resistance. Chemical compositioft di
ferences between material internal and surface or
grain boundary imgrities and the existence of
internal stress, component elemts prior dissot
ing in liquid metal or liquid metal permeating
along the grain boundary lead to grain boundary
corrosion. Flow rate is too high or bend a sharp
turn caused by liquid metal partial vapatian,
similar to vacuum bubble forming, the surndd
ing liquid metal at high velocity flow into the
bubbles impacting the material surface, as a result
pitting occurs. These factors may cause serious
corrosion, which needs further research in the
subsequenbg@eriments.

Conclusion. This paper provides adb anal/-
sis on CLAM steel and its warhents corrosion
behavior in liquid lithium lead at 753 K as well as
a review of composition transmission, microstru
tures transformation and corrosianechanism
Corrosion behavior under different temperature,
flow rate and time inliquid metal need further
study and conaisions are as follows:

CLAM steel corrosion behavior in flowing
lithium lead at 753 K is \@rviewed, corrosion
mechanism between CLAM steel and its davel
ment is concluded, the corrosion resistance of
tempered base metal is stipr to welds.

Corrosion rate exhibits a linear growth, weight
loss increases with time, when the timeaches
5000 h, the weight loss is about 1,18 mdicm
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while the weldments weight loss is two times
greater than that of the base metal, corrosion loss
and depth arealaulated for a long run.

Compositions and microstructures aremeo

pared, base metal surface is mostly presented by
tempered lath martensite and weld zone aiicr
structure is coarse, similar to casting martensite,
corrosion resistance of coarse martenstadt as
good as tempered one. XRD images showed that
the peaks are rough at the same positiaf) (&

the carosion surface, weld surface has certain
chromium content decreased, peaks intensity is
weaker than in the base metal.

The presence of passivatigfe i Cr oxides)

layers has delayed wetting effect, which canceffe
tively protect the internabasemetal reducing the
corrosion rate at an early stadéaterial elements
dissolving and migrating into the liquid lithium
are the main cause of the corrosion.
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