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Liquid lithium lead material is one of the most
promising concepts for the latest fusion reactor
blanket design which has been widely investigat-
ed. It uses liquid lithium lead as breeding material,
lithium for neutron breeding and lead for produc-
ing tritium. China, the European Union, the Unit-
ed States and other members of ITER (Interna-
tional Thermonuclear Experimental Reactor) all
pay significant attention to the research and de-
velopment of the liquid lithium lead [1-3]. The
main functions of the lithium lead alloy include
energy conversion, tritium breed and radiation
shield, it is crucial component in order to make
fusion energy to achieve the ultimate applications.
However, the concern about liquid metal blanket
is its compatibility with candidate structural mate-
rials [4].

Coolant materials not only suffer high tem-
perature and high pressure, but also bear strong
neutron irradiation under complex dynamic condi-
tion. Reduced activation ferritic/martensitic
(RAFM) steel used as structural materials be-
comes one of the most attractive designs for
ITER-TBM [5]. To keep pace with the research
and development of RAFM steel in other coun-
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 of the RAFM (F82H, JLF-1,
EUROFER 97, 9Cr2WVTa) steels, the research
and development are done by the fusion design
study team form ASIPP (Institute of Plasma Phys-
ics Chinese Academy of Sciences) in cooperation
with some institutions and universities in 2001
[6]. CLAM steel serve as nuclear fusion reactor
cladding material, is used for manufacturing TBM
(Test Blanket Module) internal cooling passages
[7], due to the flow channels structure is complex,
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different runner sizes and positions make overall
molding difficult, welding technique is a major
means of connecting these parts. The severe work-
ing conditions give strict requirements to CLAM
steel and its weldments, therefore, improving the
weld joint corrosion resistance is one of key
factors in practical application. In this article, pre-
vious work on corrosion behavior between base
metal and its weldments in static and flowing lig-
uid lithium lead are focused.

Weldability of CLAM steel

Base on the research and design experience of
Europe, Japan and United States about RAFM
steel, China has developed its own characteristic,
composition and performance optimized China
Low Activation Martensitic steel. CLAM steel is
regarded as one of the most realistic fusion first
wall material, because of its excellent perfor-
mance such as high resistance to irradiation swell-
ing and irradiation embrittlement [8], low thermal
expansion coefficient and high temperature me-
chanical properties compare to traditional austen-
itic stainless steels [9], Main chemical composi-
tion and mechanical properties 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, the content of Ta is 0,20
% to improve the high temperature performance,
Cr content at 9 % provides the lowest DBTT (duc-
tile-brittle transition temperature) in irradiate con-
dition, when the percentage is more than 12 %,
delta ferrite will begin to appear, toughness will
decrease and the corrosion rate will also be affect-
ed. The heat treatment is normalizing at 1253 K
for 30 minutes and then cooling in air to room
temperature (RT) and tempering at 1033 K for 90
minutes then air cooling to RT [17, 18]. After
normalizing, high density dislocation structure is
obtained, in subsequent tempering process the
dislocation is reduced greatly 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 1l
Chemical composition of RAFM steel [10 — 12] (wt %0)
Cr W \Y 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
JLF-1 8.93 1.96 0.21 0.64 0.10 0.49 - Bal
Table 2

CLAM steel mechanical properties between room temperature and 550°C [13 — 16]

Yield . Elongation at Reduction o

strength/MPa Tensile strength/N fracture/% of area/% Toerr/°C
RT 512 660 23 77 -52
550°C 340 365 24 84 -

Microstructure is observed by optical microscope
(OM) as shown in Fig. 1 [19]. Fig. 1 (a) shows
that base metal microstructure distribution is uni-
form, grains refinement and no delta ferrite is ob-
served, which means that base metal is fully tem-
pered. After welding, microstructure is unevenly
distributed, grain size become coarse as shown in
Fig. 1 (b).

Suitable fusion welding technique for CLAM
steel include gas tungsten arc welding (GTAW),
laser beam welding (LBW), plasma arc welding
(PAW), ultrasonic TIG welding and hot isostatic
pressure diffusion welding (HIP) [20, 21]. The
welding heat input, weld metal remelting and
crystallization, heat affected zone (HAZ) grain
growth, delta ferrite appear between the prior aus-
tenite grain boundaries have seriously affected the
performance of the weldment [22 — 24]. These
changes make weld joints prone to phenomenon
of weld zone hardening, heat affected zone soften-
ing, and cold cracking. The advantages of GTAW

method are: weld zone is well protected, heat in-
put is concentrated and welding deformation is
small as well as easily realize mechanization and
automation. Beijing university of science and
technology had done Y-type and double Y-type
grooves welding tests on 13 mm thick CLAM
steel plates using GTAW method [25], the study
find that heat affected zone is slightly large, from
fusion zone to base metal, hardness distribution
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 university [26], the results
show that weld zone hardness values are on the
high side, heat affected zone near the base metal
existed a narrow softening area, microstructures
are obvious lath character tempered martensite.

Liquid metal lithium lead loop
A series of experimental devices (heat convec-
tion and forced convection loop) on materials cor-

Fig. 1. Microstructure of base metal (a) and the weld (b) [19]
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Fig.2. Schematic diagram of DRAGON-I loop. [2, 32]

rosion experiments in liquid lead lithium have
been designed 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 liquid lith-
ium lead corrosion experiment loop DRAGON-1,
which the material is 316 L stainless steel, its in-
ner diameter is 22 mm and outside diameter 32
mm, partial schematic diagram as shown in Fig. 2.
The whole circuit device main body consists of
hot section (to place samples), cold section, heat-
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 temperature is designed from 753 K drop
down to 693 K. The difference of temperature
within the hot and cold section causes the lithium
lead density distribution is non-uniform, thus
forming heat convection circulation under gravity.

When operating the circuit, liquid lithium lead
flow into the loop from expansion tank at the top,
heat convection circulation flow between hot sec-
tion and cold section, the velocity is about 0.08
m/s. After the corrosion experiments, samples are
taken out and cleaned in the solution CH;COOH,
H,0, and C,HsOH (1:1:1) to remove the residual
layers and other corrosion compounds on the sur-

faces until the weight remain constant, the sam-
ples then are grounded using sandpapers with a
grids order of 180, 360, 600, 800, 1000, 1200 and
mechanically polished by diamond polishing
agent with a diameter of 0,5 — 1,25 um. After fine
grinding and polishing, the surfaces are smooth
enough to observe subtle signs of corrosion. Sam-
ple surface and the cross section are tested by
XRD, EDS and SEM analysis.

CLAM steel vs. weldment corrosion rate

Weight loss and corrosion depth following 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/cm2
as the corrosion time reaches 5000 hours. In the
early corrosion period, due to the pre-existing of
passivation layers, the weight loss is small and
specimens do not enter the stable corrosion stage,
until passivation layers lose protection effect.
Eurofer97 and JLF-1 also show better compatibility
with liquid LiPb in dynamic conditions.
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Fig. 3. Weight loss of low activation ferritic/martensitic steel as a function of time (Data are from Ref. 2, 4, 33, 34)
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Corrosion depth is influenced by various envi-
ronmental parameters such as temperature, flow
velocity and time [35]. The depth of the weld-
ments increases with time and the corrosion rate is
higher than that of base metal as shown in Fig. 4.
When the exposing time was 2500 hours, corro-
sion depth of base metal is 0,5 um and weld is
1,25 pum in dynamic conditions. Corrosion depth
for 5000 h is calculated according to the previous
existed corrosion rate. It is believed that the
coarse martensite lath, residual stress, and high
heat input under welding condition make the
weldment corrosion resistance lower than base
metal. If the high temperature leads to serious cor-
rosion, the effect of flowing rate is greater. There-
fore, the weld corrosion rate becomes more de-
serving research for long time under flowing LiPb
conditions. Increasing the weldment corrosion
resistance has a very important practical signifi-
cance in order to improve the service life of struc-
tural blanket materials.

According to the above cases, if a nuclear reac-
tor is designed for 100 years of operation, the
CLAM steel base metal weight loss is about
206,74 mg/cm?, the weld corrosion depth is about
438 um, 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 materi-
als, and ensure the normal operation under service
conditions.

CLAM steel vs. weldment surface investigation

Compared corrosion tests between CLAM
steel and 316L stainless steel at 753 K with flow
velocity 0,08 m/s in dynamic conditions for 500 h
were conducted in the year 2005 by FDS team for
the first time, SEM observation and EDS analysis
had showed that CLAM steel corrosion resistance
was better, the surface morphology and composi-
tion almost had no change [38]. Then longer time
experiments of 2500 h in flowing LiPb were car-
ried out, corrosive attack took place along the en-
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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)
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tire surface, the corrosion surface was inhomoge-
neous and started with the destroy of oxide layers
formed during the heat treatment or specimens
preparation process.

Chen et al [36] have studied and analyzed the
corrosion behavior of CLAM steel under dynamic
condition at 753 K in liquid lithium lead metal.
Specimens surface morphology, chemical compo-
sition and corrosion rate had been observed and
calculated. When the corrosion time approached
3000 hours, more than fifty percent of the speci-
men surface did not suffer attack, the probable
reason was that the dense oxide layers protected
the internal metal from dissolving into flowing
lithium lead alloy. Analysis showed that no LiPb
diffusion was detected on the surface and the
maybe presence of ferritic phase reduced the cor-
rosion resistance. Specimens that were exposed
nearly 8000 hours exhibited irregular corrosion
and the depth was approximately 15 pm as shown
in Fig. 5. EDS line scan found major 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 surface. As
time changed longer, a newly formed chromium
oxide layer with high level of oxygen began to
appear under the corrosion layer, the thickness
was about 10 um. That was supposed, when expo-
sure time was long enough, elements dissolving in
liquid metal and the corrosion attack continued
entering into the deeper matrix leaded to the de-
stroy of the base metal and weight loss [39, 40].
Elements of Fe and Cr reduced near surface, the
depleted layers thickness was around a few mi-
crons, elements such as oxygen, tungsten have
improved obviously. Even though, the existence
of protective layers did not prevent the metal from
dissolving into liquid metal.

Due to the influence of weld heat input, heat
affected zone (HAZ) near the fusion line or over-
heat region exhibited grain coarse, ultimately
formed the coarse lath martensite structure, BSE
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: 60um ’
Fig. 5. Cross-section and EDS analysis after 8000 h exposure [38]

images as shown in Fig. 6. From weld metal
(WM) to the coarse-grained heat affected zone
(CGHAZ), uniform distributed micro-structure
transformed to rough group. No carbide precipita-
tions were found along the grain boundaries either
in CGHAZ or fusion zone (FZ) of as-weld joint.
Weld metal melting and solidification lead to the
formation of similar casting structure. Because of
high heat input and thermal cycle during GTAW
process, the stress distribution was not uniform.
The carbide particles or oxide scale formed on the
original austenite grain boundary or the martensite
lath boundary, chromium content was significant-
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 factors generally have a great
tendency to increase the corrosion attack, making
the weldments become the weak area of the mate-
rials. According to Chen [40, 42] study, the test
temperature was 753K with the flowing velocity
0,08 m/s, when the exposure time was less than
1000 hours, there was no lithium lead penetrating
into CLAM steel weldment and the corrosion sur-
face was uniform. It could be concluded that cor-
rosion resistance of weld state was far lower than
the tempered state of base metal, the coarse mar-
tensite 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 position of two
pictures, which indicated that the main composi-
tion and phase had not changed, because there
presented mostly tempered lath martensite and
coarse martensite on the surface. The intensity of
weldment at 26 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 be ob-
served clearly in Fig. 8, a. Fig. 8, b revealed when
corrosion time was 1000 hours, corrosion degree
was more serious than that of 500 hours. The gul-
ly like morphology had a parallel arrangement, the
distances between the gullies were about 0,5 — 1
um, a little thinner than the width of martensite
lath. Weldment surfaces showed uniform corro-
sion and there were no lithium lead diffusing into
internal metal, element of chromium between
martensite laths separated out in form of chromi-
um oxide or chromium carbide, at the places the
original austenite grain boundary or the martensite
lath were coarse produced chromium depleted
area [42]. It was processing orientation and direc-
tion of martensite lath (DML) which were not ab-
solutely vertical, that caused the chromium de-
pleted area became more prone to corrosion.

WD= 76mm

Sigral A=NTS BSD

Fig. 6. BSE images near the CLAM weld [41]
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Fig. 7. XRD images after 3000 h exposure (a) base metal (b) 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 to be-
come easy corrosion area. From the view of sur-
face morphology, the easy corrosion area usually
appeared along martensite 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, where as a result the initial cor-
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 the internal steel.

Corrosion mechanism analysis

Dissolution and mass migration is the basic
form for liquid metal corrosion, due to the differ-
ence between solubility and dissolution rate, ele-
ments selective dissolution occur in the liquid
metal, mass migration refer to the directional
movement and diffusion of metal material from
one area to another. Based on previous research
and analyses, the main corrosion mechanism for
CLAM steel and its weldments in liquid lithium
lead is the metal elements dissolving into the lig-

uid LiPb and liquid metal penetrating into the sol-
id structure materials [45]. Corrosion attack take
place as a function of geometry, microstructure
and composition. Prior precipitated austenite,
martensite lath boundaries and areas with residual
stress suffer severe corrosion [44]. Corrosion at-
tack firstly dissolves pre-existing oxide layers
formed in the process of tempering or heat treat-
ment, the destruction requires a relatively long
time, which is referred as the incubation period,
and then corrosion continue to dissolve internal
matrix and micro-alloy elements as shown in Fig.
9. The narrow yellow line stands for oxide layers,
which is richer in chromium and depleted in metal
iron, indicates that the oxide layers was likely
CryCg or Cr,05. However, element of chromium
in the matrix is depleted by diffusing to the liquid
LiPb or forming the compounds & *1. Elements
diffusion to liquid metal as shown in Fig. 9, b and
Fig. 9, c, the elements directional migration pro-
duce easy corrosion area and phase transfor-
mation. When the oxide layers are damaged, lig-
uid LiPb alloy begin to permeate into base metal,
reduce corrosion resistance of micro-structure,
increase the weight loss of material and lead to
severe corrosion.
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Fig.9. Corrosion behavior in flowing liquid LiPb (a) destroy of original oxides layer (b) alloy element dissolving (c) continuous dis-
solving and LiPb permeating

Compared with tempering treated CLAM steel,
corrosion behavior of welding state is more seri-
ous, the probable reason may be related to the
composition distribution and microstructure trans-
formation. Base metal microstructure is mostly
tempered lath martensite, filled with equiaxed
sub-grains and a number of carbides precipitate on
prior austenite grain boundaries, sub-grains
boundaries and within martensite laths during
tempering. While weld and heat affected zone mi-
crostructure is coarse, uneven distribution, similar
to casting martensite, results in the decrease of
corrosion resistance. Chemical composition dif-
ferences between material internal and surface or
grain boundary impurities and the existence of
internal stress, component elements prior dissolv-
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 vaporization,
similar to vacuum bubble forming, the surround-
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
subsequent experiments.

Conclusion. This paper provides a brief analy-
sis on CLAM steel and its weldments corrosion
behavior in liquid lithium lead at 753 K as well as
a review of composition transmission, microstruc-
tures transformation and corrosion mechanism.
Corrosion behavior under different temperature,
flow rate and time in liquid metal need further
study and conclusions are as follows:

CLAM steel corrosion behavior in flowing
lithium lead at 753 K is overviewed, corrosion
mechanism between CLAM steel and its weld-
ment is concluded, the corrosion resistance of
tempered base metal is superior to welds.

Corrosion rate exhibits a linear growth, weight
loss increases with time, when the time reaches
5000 h, the weight loss is about 1,18 mg/cm?,

-22 -

while the weldments weight loss is two times
greater than that of the base metal, corrosion loss
and depth are calculated for a long run.

Compositions and microstructures are com-
pared, base metal surface is mostly presented by
tempered lath martensite and weld zone micro-
structure is coarse, similar to casting martensite,
corrosion resistance of coarse martensite is not as
good as tempered one. XRD images showed that
the peaks are rough at the same position (26) on
the corrosion surface, weld surface has certain
chromium content decreased, peaks intensity is
weaker than in the base metal.

The presence of passivation (Fe — Cr oxides)
layers has delayed wetting effect, which can effec-
tively protect the internal base metal, reducing the
corrosion rate at an early stage. Material elements
dissolving and migrating into the liquid lithium
are the main cause of the corrosion.
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Cubupckuii rocy1apcTBeHHbI HHAYCTPHAJIbHBII YHHBEPCUTET

TEPMOJUHAMUWYECKOE MOJAEJIUPOBAHUE ITPOLHECCOB
BOCCTAHOBJIEHMA )KEJIE3A ITPU TEPMOXUMHNYECKOM
OKYCKOBAHUU KOHBEPTEPHBIX LHIJTAMOB

AHanu3 NepcreKkTUB pa3BUTHS CTaJeIIaBUIb-
HOTO TPOW3BOJCTBA TOKa3bIBAET, YTO B HACTOS-
mee BpeMs HaOIIIOJIaeTCsl OTYETINBAs TSHISHITIS
Ooyiee IIMPOKOTO TPUMEHEHHUS TPH BBITUIABKE
CTaJIi B TYTOBBIX CTAJEIJIaBIIIBHBIX MeYax U KOH-
BepTepax IMOATOTOBICHHBIX IIMXTOBBIX MaTepha-
JIOB, XapaKTEPHBIMHU MPEICTABUTEISIMH KOTOPBIX
SBIISIIOTCS CUHTHKOM U OKCHIHO-YTOJIbHBIE OpH-
KeThl [1, 2]. dakTUYeCKH TaKue MOArOTOBJIEHHBIE
IINXTOBBIE MaTepHallbl TPEJCTABISAIOT  CO00i
komnosuu u3 Fe — C — O-coxepxamux mnpu-
POIIHBIX ¥ TEXHOTEHHBIX MAaTEPHAJIOB, B TOM YHC-
Ji¢ OKaJHMHBI, IIAMOB, TUTABUIHLHON IBUTH, KOKCO-
BOoil mMenmoun U T.n. CHHTETHYECKHE KOMIIO3UIIHU-
OHHBIE MaTepualbl, ABIAIONINECS KOMIOHEHTAMH
IINXTHI, UMEIOT OTIPEICICHHBIN rpaHyJIOMeTpHYe-
ckuil coctaB u ¢opmy. Becbma BaxHbIM (hakTo-
pom sBisieTcst To, uto Fe — C — O-conmepxkarue
KOMITO3UIIMOHHBIE IIUXTOBBIE MAaTEpPHUAIIbl Kapau-
HIBHO MEHSIOT TeueHHe (PU3NKO-XUMHUECKUX
MPOIIECCOB B CTAJIETIaBMIIBHOM BaHHE. JTO MpO-
HCXOAUT OJaronapsi HAIMYHMIO B UX COCTAaBE OKHC-
JIUTENBHBIX U BOCCTAHOBUTENBHBIX KOMIIOHEHTOB,
KOTOpBIE COOTBETCTBYIOIIMM 00pa3oM MpOsBIs-
I0TCA B PA3JINYHBIE IEPUOBI TUTaBKH [ 1].

B okcuaHOYronbHBIX OpHKETax BOCCTaHOBH-
T€Ib U OKUCIUTENh CMELIaHbl 10 Hadaja B3auMo-
NefcTBUS M, TakuM 00pa3oM, MOATOTOBJIEHBI K
peakuuu Mexnay yriepoaoM U Kuciopoaom [1].
[Ipn 3TOM MEIKOIMCHEPCTHBIE JKENE30- U yIie-
policonepKale KOMIIOHEHThI 00JaaloT pa3BU-
TOI TOBEPXHOCTHIO pEarupoBaHUs, YTO 3HAYH-
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TEJILHO MHTEHCU(UIMPYET MPOLECCH BOCCTAHOB-
JICHHS.

K ognoifi u3 pazHOBUAHOCTEH NOATOTOBJICH-
HBIX WJIM KOMIIO3UIIMOHHBIX IUXTOBBIX MaTepha-
JIOB MOXXHO OTHECTH (heppPOKOKC U (HeppOKOKCO-
Bble Opuketsl [3 — 5]. KoHremnius npousBoacTsa
(dheppokokca paspadorana emie B 30-X rojax mpo-
[IJIOTO BeKa M ObLIa OPUEHTUPOBAHA HA CIICKaHHE
KENE30PYAHOM MBLTH, HEMPUTOTHOM JIJIsI TIIIABKH B
JOMEHHBIX TIeYaX, ¢ HUPHBIM WM OUTYMUHHU3U-
POBaHHBIM YIJIeM B KOKCOBBIX Oarapesix. deppo-
KOKC MOXHO KIacCH(UIMPOBATh KaK JKeNe30-
YIJIEPOJHYIO KOMITO3HUIIHMIO, MPOIISNIYI0 TEIUIo-
ByI0 00paboTKy BHE IUIaBHIBHOTO arperata. dep-
POKOKC — KOMIIO3UIIMOHHBI Matepuai, Cojep-
KAl B OCHOBHOM BOCCTAHOBJICHHOE KEJe30 U
yriepon. B pabote [6] npencraBieHs! pe3ynbTaThl
pa3paboOTKH OCHOB TEXHOJIOTHH TPOU3BOJICTBA
(deppokoKca ¢ TPUMEHEHHEM aJCOPOLMOHHOIO
00€3BOXKMBAHUS M TEPMOXMMHUYECKOTO OKYCKOBa-
HUSI KOHBEPTEPHBIX MUIAMOB. 3aBepIiarolieii cra-
JMel MPOU3BOJICTBA (PEeppOKOKca IO TaKOM Tex-
HOJIOTUHM SIBJISCTCS TEPMOXMUMHUYECKHH CIIOCO0
OKYCKOBaHHSl IIIaMa B MPOIEcCce ero KOKCOBAHUS
B CMECH CO clekaromumucs yrisiMu. Ha stoit
CTaJMU TIPOMCXOIUT BOCCTAHOBJICHHE JKele3a W3
ero okcuaoB. IIpu 3TOM TpakTHUECKHH HHTEpeC
MPENICTaBISIET ONpeJieNieHre TePMOIMHAMUYECKUX
YCIIOBHH, HEOOXOJMMBIX IS BOCCTAHOBJICHUS JKe-
Jie3a, ¥ TPaHHI] KOHLEHTPAIIMOHHBIX 00NacTel, mo3-
BOJISIFOIINX PAllHOHAIIM3UPOBATh COCTAB CHIPhEBOU
CMECH M TEMITePaTypHBIH PeKUM Iporiecca.



