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(Recaived )

For the devel opment of lead-bismuth cooled fast breeder reactors, the effect of Cr content in dedson
corroson resstance to high temperature lead bismuth was investigated by means of sted corrosion test
performed in aflowing P-Bi for 1,000 hours. It was found that liquid metal corrasion was inhibited by
angle or multiple oxide layers formed on the sed surfaces. The oxide layers can be dassfied to an
inner layer and an outer one. The exigence of the inner oxide layer might be more important for the
corroson resstance snce the inner one was compact and suck to the sted surface while the outer one
was eedlly broken into amdl pieces with cracks and peded from the subgrate. Stable Cr rich oxide
layers were eadly formed on the high Cr deds. The weight losses were lower in the stedls with higher
Cr contents. The content of Cr in the sted waas effective to form the thin and compact Cr-rich oxide layer
and suppressed the corroson. In the case of S rich sted, the weight loss was lower then the trends of

weight losswith Cr content.

KEYWORDS:. corroson, fast bresder reactor, liquid metal, lead bismuth, ged, oxide layer, chromium,
oxide concentration




|. Introduction

For the development of leadls-bismuthss (Pb-Bi) cooled fast breeder reectors (FBRS)™?, one of the

key issuesis the compatihility of core and structural materidswith Po-Bi flow a high temperature .

The compatibility of steds in Pb-Bi is dominated by two types of corrasion ), i.e oxidation in

Pb-Bi with high-oxygen concentration and so-cdled liguid metd corroson (LMC) in Pb-Bi with

low-0oxygen concentration Between these two types of corroson, there exigts an intermediate condiition

where gedsare dightly oxidized, and the oxide layer protects substrate and consequently suppressesthe

LMC. Sahility of the oxide layers depends on the properties and components of the oxide layers. The

properties of the oxide layer influenced by the oxygen concentration in Pb-Bi >® and the dloying

dements of the substrate ™. It has been expected that the content of dhromium (Cr) in steds may

promote the formation of steble oxide layer” 2. However, the effect of Cr content on the sted corrosion

in Po-Bi has not been daified experimentdly, paticulaly by compaing various deds that have

different Cr content.

In order to evaluate corrosion rate of the gedsin Po-Bi, the weight loss of specimens caused by the



disolution of the dloying dements into Pb-Bi or detachment of ungable oxide layer during the

exposure into Pb-Bi has been measured. For the measurement of the weight loss it is necessary to

remove adherent Po-Bi to the specimens, dthough the oxide layers should not be removed for

subsequent metalurgicd andysis However, in the previous experiment %2, adherent Pb-Bi wis

removed together with the oxide layers by immeraing specimensin ahot sodium pooal. It has been found

that the immerson of the pecimensin ahot glycerin pool is adeguate for the remova of adhered Po-Bi

without removing the oxide layers™. Thus, in the present study, the acherent Pb-Bi wias removed by

using ahot glycerin pooal for the measurement of weight loss

The purpose of the present Sudy is to investigate the effect of Cr content on corroson characteridics

and corrogon rates of dedsin Po-Bi flow expeimentaly for exiging various seds which contained Cr

between 1wt% and 18wt%. Particular purpose is to evauate the relation between corroson rate and the

properties of the oxide layersformed on the sted surfaces.



I1. Experimental apparatusand procedure

1. Pb-Bi for ced convection loop

Figure 1 shows theschemdtic of the forced convective Pb-Bi circulation loop™ used in the present

corrosion test. The working fluid was Po-Bi with a mdting point of 125°C. Theloop consgsof ahigh

temperature region made of 9Cr ded and a low temperature region made of SS316 sted. The high

temperature region has the dectric heater, the corroson test section and the oxygen sensor, and the low

temperaiure region has the ar codler, the expanson tank, the dectro-magnetic pump, and the

dectro-magnetic flowv meter™. The cover gas of the expansion tank and the dump tank was argon

having purity of 99.999%. Mg or pecification of theloop isshown in Tablel

Pb-Bi in the dump tank was heated up to 180°C and mdted. The circulation loop was hegted up to

180 °C, ad the Pb-Bi was charged from the dump tank into the drculaion loop & a flow rae of

goproximately 0.5 I/min by the pressurizing the dump tank a 0.18 MPa with the loop pressure of 0.02

MPa The Pb-Bi was circulated by the dectro-magnetic pump at the rated operation flow rate, and the

flow rate was measured by the dectromagnetic flow meter. During the corroson test, Po-Bi wes heated



by the dectric heater to the temperature of 550°C a the inlet of the test section, and cooled down by the

ar cooler to the temperatureof 400°C at the outlet of the cooler. Dueto theloop temperature difference,

dissolved ged dloying dements in the hot region were trangported to the low temperature region, and

then precipitated there because of the lower solubility of the dements a the lower temperature

Therefore, a eady condition of dissolved dement concentrations in the hot and cold regions were

achieved without the saturation of the dementsin the hot region®.

Figure 2 shows schematics of rectangular plate-type sed specimens mounted in a cylindricd

molybdenum specimen holder. The holder waswound by aMo wire, and inserted into the tet section as

shownin Fig.3. Then, Pb-Bi flowed in two flow channdls above and bdow the specimens which were

13 mm wide, 2 mm high and 425 mm long.

The oxygen concentration in Po-Bi was measured with the oxygen sensor which was mounted a the

outlet of the corroson &t section. The oxygen sensor was a solid  dectrolyte conductor mede of a

cylinder of magnesa sabilized zirconia (Zr,O-MgO) with the reference fluid of oxygensaurated



bismuth, that is, a mixture of 95wt%Bi and 5Wt%Bi,Os. Electro-motive force between B-Bi and the

reference fluid was measured and the oxygen potentia in Pb-Bi was estimated from the Nernst equiation.

2. Tet materid

Various geds were chosen as test materid for the comparison of corroson characterigics. Chemica

components of test meterid are presented in Table 2 Low Cr sed, SCM420, isfor dructurd materid.

Martensitic sted, F82H, has been developed as fusion blanket materid 1. STBA26 and NF616 is for

boiler & high temperature. Martengtic sed, SUH3, has been developed for inner combustion materid.

Martenstic sed, ODS, has been developed as dadding materid of fud rods in sodium cooled fast

breeder reactor® 1. HCM12A and HCM12 22 have been developed for the structurd materid of

supercritica therma power plant. Ferritic sted, SSA05 and SSA30, and audenitic sed, SS316, have

been used asstructura materidsfor chemica plant.

The szes of the specimens are shown in Table 3. In order to remove the effect of surface roughness

on corrosion behavior of each specimen when they were compared with esch other®, the surfaces were

polished to be a the same smoath condition of arithmetica mean surface roughness Ra of 1.5um The



polish isdso needed to remove oxide layers as an initid surface condition.

The specimens were mounted in the specimen holder in the flow direction in the following order: (1)

HCM12A, (2) SUH3, (3) STBA26, (4) NF616, (5) SA30, (6) SA05, (7) SS316, (8) F82H, (9) ODS,

(10) SCM420. The geds mounted in upstream region were chosen to be more corroson resistant based

on the previous study™ in order to prevent the influence of metal dissolution from specimens upstream

on corrosion of specimens downgtream.



3. Experimental conditions

Experimenta conditions are summarized in Table 4 The specimens were exposed to Po-Bi flow for

1,000 hours.

In order to form the protective oxide layer of Fe;04 on sed surface that can suppress LMC, the

oxygen potentid in Pb-Bi was controlled to be dightly higher than Fe;O, formation potentid on the

diagram of Gibbs free energy of oxide formation in Fig. 4. The corresponding oxygen concentration

was above 108t%. According to the report of Fazio et al.”, it is expected that an outer oxide layer of

FesO4 and aninner layer of Fe (Fevx, Cr). O4 might be formed for high Cr steds.

The dectromoative force measured using the oxygen sensor at 550°C was 0.43V during the operation.

From the dectromative force, te oxygen concentration in Pb-Bi was cdculaed usng the Nerngt

equation and oxygen solubility in Pb-Bi by Gromov et a2 as 3.7x10%wt% and 1.7x10%wt% using

PbO and PbossBiossOrzrs for DGP, respectivey. It is found in Fig4 that the messured oxygen

concentration was dightly higher than the Fe;O4 formation potential.



4. Procedure of oecimen analysis

After the 1,000-hour exposure of the specimens to the Po-Bi flow, the specimen holder was

demounted from the test loop, and immersed in a glycerin poadl a the temperature of 180°C to remove

adherent Pb-Bi from the outsde and ingde of the holder. Then, the holder was opened and the

pecimens were taken out of the holder, and rinsed again in glycerin pool a the temperature of 180°C to

mdt and remove adherent Pb-Bi from the soecimen surfaces without removd of the oxide layers

Findly, glycerin on the specimen surface was removed in warm water at the temperature of 70°C.

The surfaces of the specimens were obsarved before and after the exposure to ingpect the occurrence

of erogon. In order to determine the corroson rate, weight losses of the Soecimens were measured usng

an dectro reading baance with an accuracy of 0.1mg. The specimens were cut a the span wise center

and the cross sections were polished, and thenobserved by a scanning e ectron microscope (SEM) and

andyzed by an energy-disperdve X-ray spectrometer (EDX).



[11. Experimental results

1. Surface observation

The surfaces of the specimens after the 1,000-hour exposure are shown in Fig.5. It can be seenthat no

appreciable traces of eroson exided on dl of the sed surfaces. The surface date was Smilar to eech

other in dl the specimens. The colors of the sted surfaces changed from initiad metdlic luster before the

exposure into black after the exposure, which suggested the formation of corrosion products or oxide

layerson the surfaces.

2.Weght loss

Figure 6 shows the measured weight losses of the specimens. All the steds logt their weight during

the exposure. The welght lossin SCM420 was the largest among dl the geds Theweight loss of F82H,

ODS and HCM12A were do large. The weight losses of SUH3 and SA30 were |essthan the other

deds. There were weght increases in HCM 12, which could be o atributed to the formation of thick

oxide layers.
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Theweght loss of SS316 was not able to evaluate in the present experiment. That wasbecause Po-Bi

penetrated into the porous layer formed by the dissolution of Ni and Cr into Po-Bi was not completey

removed in the glycerin. The weight loss of F82H might be larger than the measured one since Po-Bi

that rardly penetrated into sted matrix could not be completely removed by glyceral.

3. Oxidelayer

(1) HCM12A and HCM 12

On the surfaces of HCM12A, triple oxide layers were formed as shown in Fig.7 (@). Thee layers

can be classfied into the outer layer A, the middle layer B and the inner layer C. The Ferich outer layer

A was broken into some pieces and peded from the subgirate, while the Cr-rich middle and inner layers

suck to the subgrate sably (Fig.7 () No.1, 2 and 3). The thickness of the each layer isshown in Tableb,

It was obsarved in HCM12 (Fig.7 (b)) that triple oxide layer formeation was Smilar to thet in

HCM12A. The outer layer A condsted of the smdl fragments. The middle layer B was compact and

duck to the subdrate. The inner layer was merged with ed matrix asif it had no dear interface. The



weight ratio of Fe to Cr in the outer layer, middle layer and inner layer was gop. 3.1, 2.1 and 7:2,

respectively (Fg.7 (b) Nol, 2 and 3). The mgor difference between the layersin HCM12A and HCM 12

isthat Cr enriched not only in the middle layer but dso in the outer layer on thelater sed. In both of the

deds, no 9gn of Pb-Bi penetration was obsarved benegth these layers

(2) NF616 and STBA26

Triple oxide layer was observed on NF616 surface (Fig.7 (C)). There were some cracks in the outer

layer where Fe was poor and Cr was dightly enriched compared with that of the matrix (Fig.7 (C) No.1).

Fe content was poor and Cr and W were enriched in the middle layer (Fg.7 (c) No.2) which might be

effective together with the quite thin oxide layer doseto the surface of the inner layer to protect the sed

from corrosion.

The surface of STBA26 was covered by the oxide layer with double layer structure: (Fig. 7 (d)). The

outer layer A, where Cr was enriched (Fg.7 (d) No.1), seemed to correspond to the middle layer in

12



NF616 (Fig. 7 (c) No.2) snceadeveloping scae could be observed on thelayer A. Theinner layer was

veary thin asit merged with the sled matrix.

(3) SS430 and SA05

Double oxide layer was observed on the surface of SS430 as shown in Fig 7(e). The Crenriched

outer layer had some cracks. Inner layer B conssts of the amdl pieces.

On the SA05 surface(Fig.7 (f)), the gop.6.7um thick outer layer A and gpp.4pm thick inner layer B

were observed. In the outer layer A, Cr was enriched (Fig.7 (f) No.1), and there were some cracks

particularly on the rough part of the sted surface?.

(4) ODS

It was observed in ODS that the oxide layers were formed and that composed of two layers: outer

layer A of gop.7um in thickness and inner layer B of gop.11um in thickness (Fig 7 (g)). The Cr-enriched

outer layer A was broken to smdl fragments and peded from the inner layer B. In the thick inner layer

which guck to the matrix stably, Cr was enriched only dightly compared with that of the sted matrix

13



(Fig. 7 (g) No.2). Some transverse cracks existed on the convex part of the stedl surfaces.

(5) F82H

Double oxide layer: gop.8.3um thick outer layer A and gpp.4um thick inner layer B were observed

(Fig. 7 (h)). The Cr-enriched outer layer A was peded form the inner layer B. The W enriched inner

layer was dso peded from the surface (Fig.7 (h) No. 2). Benegth the inner layer, Po-Bi penetrated into

the sed meatrix.

(6) SS316

Single oxide layer was formed on the surface of SS316. Fewas poor and Cr was enriched inthe layer

(Fig 7 (i) and (j)). The Pb-Bi penetration waspartialy caused by the dissolution of Ni and Cr into Po-Bi.

However, the depth was gop.15um which was much shdlower then that caused eroson without the

formation of the oxide layer in previous study 2.

(7) SUH3

14



There were two layers on the surface of SUH3 as shown in Fig.7 (k). The outer oxide layer was

peded from the sted surface. The inner layer wes thin and the surface is smoaoth without dameage. It has

been found by EDX andlyssthat S was enriched only in the inner layer.

(8) SCM420

Figure7 (I) showsthat SCM420 characterized by low-dloy sed has only single layer with cracks In

the layer, Cr was not enriched.
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V. Discusson

1. Effect of oxidelayer formation on corroson of gedsin Pb-Bi

All the test Sedsformed the oxide layersin Pb-Bi flow. Although LMC occurred in F82H and SS316,

the intensities of the LMC in F82H and SS316 were much wesker than thosein the pervious results

where the oxide layers were not formed because of low oxygen content in Po-Bi. Therefore, the

formation of the oxide layers seemed to be effective to inhibit the LMC.

2. Effect of oxidelayer Sructureon corroson resstance

The dructures of the oxide layers depended on the type of the sedsas shown in FHg.7. Except for the

sngle layers formed on SCM420 and SS316, the layers on the other stedls could be observed asmulltiple

which were composed of different chemicd compostion as the same as reported by some

ressarchers’ 019,

Asfor the property of the multiple layers, the most of the outer layers were cracked and broken into

some pieces. In other words, it is not be effective as barrier for the corrason. On the contrary, the inner

16



one was compact and stuck to the stedl surface Similar phenomena were dso reported in ref 22, Thus

the formation of the compact inner layer might be more important to inhibit the LMC.

The formation mechaniam of multiple oxide layers on the steds in Pb-Bi could be explained as

follows. Fe-rich oxide layer as the outer layer was formed by the reaction of Fe and oxygen in Pb-Bi.

Then, oxygen diffused from the Pb-Bi into the sted matrix across the outer layer and reected chemicaly

with O ance the oxygen potentid was lower than thet in Pb-Bi flow due to the existence of the outer

layer asbarrier. This oxygen diffuson might produce athin and sable oxide layer doseto the surface of

the sted matrix. Once the Cr-rich oxide layer was formed, Fe could not be dissolved eeslly into the

Pb-Bi because of the barrier of the Cr-rich oxide layer.

3. Effect of alloying dementson oxidation corroson in Pb-Bi

Assuggested in ref ), once the oxide layers were formed on the sted surfaces in Pb-Bi, the corrosion

might change from the LM C to the oxidation corrason.

It has been found in the oxidation corrosion of the stedsin air or vapor a high temperature thet low

17



Cr content in the gedsenhanced the formation of Ferich oxide layer. Then, the low Cr seds caused the

oxidation corroson due to the bregk away of the undable oxide layer. However, seds with high Cr

content hed the resstance for the oxidationcorrodon due to the formation of the stable Cr rich oxide

layers

Asthe same asthe case of the corrason in air or vgpor, high Cr sedslike HCM 12, HCM12A, SA05

and SHA30 showed higher corrosion resstance then that in low Cr gedls in Po-Bi flow (Fig.8). The

weight loss of the dedswaslower asthe Cr content was higher inthe order of SCM420, STBA26, ODS,

SH05 and SHA30. The weight loss of SUH3 was remarkably lower than those of the other steds possbly

due to the influence of the formation of stable and thin Skrich oxidelayer %9,

The thickness of the oxide layers was thinner in generd as Cr contents were higher in the seds

which leads to dable protective layers The seds which contained Cr above 12wt%. HCM12,

HCM12A, SHA05 and SHA30 formed the oxide layers, in which Cr was enriched as the weight ratio of

Feto Cr were goproximately 2:1, while the seds contained Cr below 12wt%: F82H, ODS, STBAZ26,

18



and NF616 formed the oxide layers, in which theweaght ratio of Feto Cr were gpproximately 4:1.

These facts indicated that the stedls which had higher Cr contents form the more sble oxide layer,

and conseguently more corrason ressant in the Po-Bi flow.

In the case of W rich stedls HCM12A (1.94W), F82H (1.94W) and NF616 (18W), the content of W

might play aparticular role in the formation of the multiple oxide layers Snce W was enriched only in

theinner layer. The inner layers had showed dear interface with the outer layer and the Sted matrix.

The content of Si in SUH3 might beeffective to form athin and sable inner oxide layer.
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V. Concluson

Corrosion characterigics of the gedsin liquid lead bismuth were investigated by means of the sed

corrosion test performed in flowing lead bismuth. Conclusonsare asfollows:

1) The oxide layers were formed on dl the test geds in flowing Po-Bi a the oxygen potentid higher

than that required for the formation of Fe;O,.

2) Beneath the oxide layers, the trace of liquid meta corrason was not observed except for austenitic

sed SS316 and martengtic sted F82H.

3) The oxide layers had a multiple layer sructure. The exisience of the thin and compact inner oxide

layer wasimportant for the steds to be more corroson resgant in Po-Bi flow.

4) Inthe oxide layers which were formed on high Cr geds: HCM12, HCM12A, SHAQ05, S3A30, Cr was

enriched.

5) The weight loss was lower in the deds with higher Cr content in generd, dthough there was

exception of audenitic ged, SS316 and S rich sed, SUH3.
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Tablecaptions

Table 1 Specificationsof forced convective Po-Bi circulaionloop

Table 2 Chemicd components of test Seds

Tade3Sze of oecimens

Table 4 Expaimentd conditions

Table5 Thickness of oxide layers and Pb-Bi penetration obtained from SEM andyds

Figurecaptions

Fig. 1 Schematic diagram of corrosion test loop

Fg. 2 Specimen holder

Hg. 3 Test section

Fig. 4 Diagram of oxygen potentidl; symbol of black triangle DG is estimated from oxygen potentia

of Phy.45Binss01275, symbal of black square: that is estimated from oxygen potentid of PbO
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Hg. 5 Appearance of gpecimen surfacesin Mo holder after 1,000 hr-exposure to Po-Bi flow

FHg. 6 Weght losses of specimens during 1,000 hr-exposure to Po-Bi flow of specimens

Fig. 7 Oxide layers and metd dementsin following materid after 1,000 hr-exposureto Po-Bi flow

(8 HCM12A,

(b) HCM12,

(c) NF616,

(d) STBAZS,

(€) SSA30,

(f) SSUOS,

(@ ODS

(h) F82H,

() SS316 (Content of Fe),

() SS316 (Content of Cr),
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(K) SUH3

() SCM420

Fg. 8 Rdation between weight losses and chromium content in Seds
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Table 1 Specificationsof forced convective Pb-Bi corrosion test loop

Pb-Bi inventoryin loop 0.022 n?
Vaume in dump tank 0.066 n7
Maximum test temperature 823K
Maximum system pressure 04 MPa
Maximum flow rate 61/min
Maximum velodity in test section 2m/s
Hester and cooler power 22 KW
Structural meterid in hot region 9Cr-1IMoged
Structurd materid in cold region SS316
Table 2 Chemicd components of test seds
Cr|Mo| W | S others
SCM420| 12| 02| - | 02
F82H | 7.7 | 194[194| 0.1 0.01Ti-0.01Cu
NF616 9 | 05|18 03
STBA26 | 9 1 - | 02
SUH3 n|1 - 2 04C
OobS |117| - | 19| - |029Ti-0.23Y,030.18Y
HCM12A| 12 | 03 | 19 | 0.3 0.9Cu
HCM12 [ 121]| 11| 10 | 03
SHAG | 12| - - 1 0.1Al
S316 | 18 | 23| - | 01 10-14Ni
SHAN | 18| - - | 075
Table3 Sze of pecimens
Length Width
HCM12A 30 15
HCM12 10 15
SUH3 30 15
STBA26 55 15
NF616 10 15
SHA30 55 15
SHA05 10 15
SS316 10 15
F82H 10 15
ODS 10 15
SCM420 (Specer) 15
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Tade4 Expaimentd condtions

Exposure time 1,000 hrs
Pb-Bi temperature in test section 550°C
Pb-Bi temperaturein low temperature sectionsof | 400°C
loop
Pb-Bi veodity in test section 1nm/s
Po-Bi flow rate 3l/min
Oxygen DG° of PhO 3.7x10°wWt%
gg”‘ée_mra'o” n =G0 17x10°W1%

[ :

Py 45BiossO1275

Table5 Thickness of oxide layersand Po-Bi pendiration

obtained from SEM andyds

Thickness (um)
Outer Middle Inner Pb-Bi
layer layer layer penetration
SCM420 - - 17 -
F82H - 83 4 8.3
STBA26 - 10 2 -
NF616 3 5 2 -
SUH3 - 6.6 1 -
ODS - 7 11 -
HCM12A 4 4 4 -
HCM12 3 8.2 5 -
SHA05 - 6.7 3.3 -
SS316 - - 41 8
SHA30 - 6.7 4 -
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Hg. 1 Schematic diagram of corroson test loop
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Fig. 4 Diagram of oxygen potentia; symbol of black triangle. DG? in Eq.(2) is estimated from
oxygen potentid of Py 45Bloss01.275, Symbal of black square: that is estimated from oxygen potentid of

PO
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Fg. 5 Appearance of gpecimen surfacesin the Mo holder after 1,000 hr-exposure to the Po-Bi flow




Exposure time: 1000 hours
40 L Pb-Bi temperatre: T=823K

Oxygen concentration: 1.7x10%wt%

£ 30

9 —

(7))

520—

=

.glo—

=

0 I-I 1 I-I 1 1 1 1
-10

T n n Z n n m ®) n T
e C — T C C - o O O
< I W ok 7 W T 0 < <
- & > 5 N N N
N > g & S
> o

Fg. 6 Weight losses of specimens during 1,000 hr-exposure to the Po-Bi flow of specmens
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Fig. 7 Oxide layers and metal elementsin (a) HCM12A and (b) HCM12 after 1,000- hr exposure to the Pb-Bi flow
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Fig. 7 Oxide layers and metal elementsin (c) NF616 and (d) STBA26 after 1,000 hr-exposure to the Pb-Bi flow
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Fig. 7 Oxide layers and metal elements in (€) SS430 and (f) SS405 after 1,000 hr-exposure to the Pb-Bi flow
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Fig. 7 Oxide layers and metal elementsin (g) ODS and (h) F82H after 1,000 hr-exposure to the Pb-Bi flow
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Fig. 7 Oxide layers and content of (i) Cr and (j) Fe in SS316 after 1,000 hr-exposure to the Pb-Bi flow
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Fg. 7 (k) Oxide layersin crass section of SUH3 after 1,000 hr-exposure to the Po-Bi flow
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Fig. 7 (I) Oxide layersin cross section of SCM420 after 1,000 hr-exposure to the Po-Bi flow
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Fig. 8 Relation between weight losses and chromium content in ted's
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