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Thermomechanical treatment that causes carbide stabilizing aging of cold

worked material followed by recrystaliization heating made standard

stainless steels highly resistant to intergranular corrosion and stress

corrosion cracking in different test environments. After a typical

thermal history of simulated welding, several IGSCC susceptibility tests

were made. The results showed that the treatment was successful in type

316 steel in wide range of conditions.,while type 304 was protected only

to a small extent even by closely controlled treatment. Response of the

materials to the sensitizing heating in terms of impurity segregation

at grain boundaries was aiso examined by means of microchemical analysis.
Advantage of method is that no special care is required in selecting

heats bf material,so that conventional type 316 is usable by improving

the mechanical properties substantially through the treatment. in some

optimized cases the mechanical property improvement was typically recognized

by the yield strength by about 20% higher at room temperature,compared with

the material mill annealed.

Keywords : Intergranular Stress Corrosion Cracking, High temperature Water
Thermomechanical Treatment, Aging, Type 316 Austenitic Stainless
Steel, Stabilization, Recrystallization, Strauss Test, Electron

Spectroscopy for Chemical Analysis
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1. INTRODUCTION

The susceptibility of sensitized plain austenitic stainless steels to corro-
sion and stress corrosion cracking at grain boundaries has been attributed to
the formation of chemically nonuniform zones along the boundaries wihere M,;Cs
carbide formation and the associated solid state processes occur upon heating
at a range of temperatures§1)(7)(9)(12) Although some implications specific
to each given material-environment system may be involved, the intergranular
stress corrosion cracking (IGSCC hereafter) in the weld heat-affected zones
of BWR piping belongs to the same category at 1arge€1)

The present major currents of improving the basic resistance of the
material to the IGSCC are on the lines of controlling both alloying and
impurity constituents, typically to 1imit C, P and S and/or to add or increase
Mo, Nb, Ti and N. The essential idea of such modifications is more or less
to increase the stability of the fatally metastable, quenched-in austenitic
structure without seriously desrupting the other important engineering
properties; eg. weldability, formability, mechanical strength and ductility
etc. _

In this study an exploratory attempt was made to develop a possibility
of improving the conventional plain stainless steels with respect to their
IGSCC resistance and mechanical characteristics through modifying the manu-

facturing procedure within industriably feasible ranges.
2. INCENTIVES OF DEVELOPMENT AND PROBLEMS

Recent progresses in modifying austenitic stainless steels for water reactor
applications have been providing substantial bases for adding more reliability
to the modern BWR's to be constructed in near future. The possible problems
for those materials with modified chemical composition are such that they may
need critical qualification tests of various phases in order that they are
handled by the standard structual design procedures designated in the design
code. More specifically, the change in Towering carbon and other minor
constituent levels had necessitated the addition of nitrogen to secure
required strength in most modified alloys, which may also need a critical
examination with respect to its influence to other unknown effects if any.

The method of improving stainless steels by some thermbmechanica] treatments
without modifying their chemical composition may provide a number of attractive
Teatures relative to the newly composed materials in regard of the above stated

_1_
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problems.
The essential procedure of the method proposed here follows the following

three steps. (Fig.1,2)

Step I -==~---- Cold working to obtain deformed grain structure superimposed
with uniformly distributed slip lines.
Step Il =~----- Carbide precipitation aging to obtain strain-enhanced
-~ precipitation. ‘
Step III ------ Final recrystallization annealing at higher temperatures to

obtain fully annealed fine grain austenitic structure with

uniform carbide dispersion.
The enhanced resistance of cold worked and aged stainless steels to IGSCC was
demonstrated by Kowaka and kudo. 3} The fatal instability of the strained
materials, however, poses the uses of those to the welded components. The ulti-
mate microstructures of the materials of the present study are those of re-
crystallized condition. The subjects for critical evaluation may still be found
in the similar aspects, where microstructural stabilities of the areas both
adjacent to and a few millimeters apart from the weld-fusion lines in the heat
affected zones (HAZ hereafter) are to receive the effect of the weld heat cycles
and the subsequent low temperature aging during the reactor operation.
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3. EXPERIMENTAL METHODS

3.1 MATERIALS

Table 1 shows the chemical composition of the specimen materials. This
materials was obtained from the commercial heats in the form of rolled plate.
Some schedule 80, 4 inch diameter pipes were also used for purpose of confirming
the applicability of the results from the plate materiai to the pipes.

Those materials were used in the following three conditions for comparative

purpose.

a) Mill-annealed (MA hereafter)

b) Cold worked up to 50 % thickness reduction and simply heated at a fixed
temperature until they are aged and recrystallized {Strained and Heated
to Recrystallize; SHR hereafter)

¢) Cold working was followed by aging at relatively Tower temperatures and
finally heated to recrystallize at higher temperature (Strained, Aged
and Recrystallized; SAR hereafter)

The treatment denoted as c¢) is of the primary interest in the present work.

3.2 CONDITIONS FOR SAR TREATMENT AND THE RESULTANT MICROSTRUCTURES

i) Cold working

In order to obtain uniform straining, cold ro]Ting was given to the reductions
of thickness by minimum 30 % and higher. Fxcessive cold working, however, caused
too early recrystallization at a given temperature of aging so that the time
required to obtain sufficient carbide precipitation was not available. Type 304
was more difficult to obtain wider combinations of cold working and temperature

relative to type 316.

ii) Aging of strained material

Temperature and time of the subsequent strain-induced carbide precipitation
were selected close to the nose position in the time-temperature diagram,provided
that no recrystallization takes place(Fig.3). Fig.4 shows a typical example of hard-
ness changes in 50 % cold worked and mill-annealed type 316 materials dUring the
carbide precipitation aging at 650 °C where no recrystallization took place.

In this case the desired strain-aging was achieved in 50 hours.
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i§1} Final recrystallization treatment

The optimum recrystallization conditions were selected so that no appreciable
redissolution of the once precipitated carbide takes place. Through preliminary
studies the time of heating was found to influence various surface-chemical
properties. The optimization, therefore, was attempted in selecting better
combinations of the temperature and time of heating based on the Arrhenius type
relationship and the metallographic observation of the resultant microstructure.

Figure 5 shows the hardness change during recrystallization treatment of
type 316 after strain aging 50 % cold worked material from which an Arrhenius type
T versus time to 50 % softening relationships were obtained. This sort of
coverage of the wide selection might prov}de flexibility in making further opti-
mi;ation upon selecting manufacturing conditions in the commercial production.

jv) Metallographic characterization

.Figure 6 compares typical microstructures of MA, SHR and SAR materials. In
type 316 the precipitates of carbide showed sufficient stability during the re-
crystallization treatment, while in type 304 only very limited temperature and

time combinations were available in leaving the carbide particles intact at
off-grain boundary positions. In the micrographs shown, the fine particles and
the blocky precipitates correspond to the M,;C¢ carbides and intermediate phases
respectively.

The special feature of uniform carbide distribution in SAR material can be
. readily recognized in Fig.s-{c) when compared to SHR in Fig.e-(b). It is also
noted that most SAR materials showed very fine grain size of typically ASTM 9 to
11. Type 304 behaved similarly but with less flexibility in the acceptable

combinations of the temperature and time.
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3.3 EXAMINATION PROCEDURES

In examining the susceptibility of the materials to the IGSCC under weld-
sensitized condition, all the test objects were exposed to the furnace sensitiza-
tion treatments of the following combination;

500 °C x 10 min + 650 °C x 1 hr

i) I1.G. Attack tests

The examinations were made with variety of different methods including, the
so called, Strauss, Huey, HAuCl, etching, EPR and scratch-electrode tests.

ii) Surface examination

Optical and séanning electron microscopy (SEM) were applied for topographic
examinations. Auger spectrometric analysis was applied to examine the stability
of precipitates during various stages of heating in terms of redistribution of
impurities such as P and S. The rate of segregation of those elements to the
specimen surface upon heating in high vacuum (~107'° Torr) was taken as a measure
of the intergranular segregation tendency. 2

The composition of the oxide film formed during exposure to high temperature
water was also examined by a photoelectronic spectrometer to obtain an indirect
measure of the oxide film stability of the materials with different thermo-

mechanical history.

iii) IGSCC susceptibi]fty tests

Two types of examinations were made to make comparative examinations.

a) Tests in oxygenated high temperature circulating water; The fixed dis-
placement type uniaxial tension was given by a clamping device to start
the testing at 40 kg/mm?(391 MPa). The test environment was kept at
288 °C and 8 ppm dissolved oxygen (specific conductivity < 0.3 u ecm)
in a circulating autoclave system.

b} Tests in 20 w/o MgCl, solution’ Tests under constant load of 40 kg/mm?
in 20 w/o MgCl, solution at 105 °C were performed to see the suscepti-
bility to IGSCC in chrolinated environments.
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4. RESULTS

4.1 BASIC MECHANICAL PROPERTIES

Mill-annealed austenitic stainless steels are, in general, known to show
rather low yield strength followed by rapid work hardening tendency.

The thermomechanical treatment of the type proposed in the present study provided
a large extent of modification in this character to shift both yield and ultimate
tensile strengths in the temperature range up to approximately 650 °C in the
standard tensile tests. Figure 7 compares a typical set of MA and SAR materials
in tensile tests at room temperature.

The differences in mechanical properties of the material treated under
various time-temperature combinations are depicted in the form of fractional
values relative to the mill-annealed material in Fig.8. A1l the cases showed
improved strength with moderate loss of ductility. Some cases showed nearly two
factors of enhancement in the yield strength. The optimum recrystallization tem-
perature for type 316 of the present study was found to be 775 °C in case of 50 %
cold work.

4.2 SUSCEPTIBILITY TO INTERGRANULAR ATTACKS

After applying the seven different chemical and electrochemical test methods
to the MA, SHR and SAR materials, it was concluded that Strauss test was the only
appropreate means of evaluating those materials for comparative purpose., All
the rest of methods gave either inconsistent results or even false indications
due mainly to their inability of differentiating the grain boundary effects from
other types of microstructural inhomogeneities associated with the precipitation.
A1l the results and the subsequent discussion in the present paper will thus be
based on the Strauss test. . '

The results of weight change measurements after Strauss tests on type 316
steel are shown in Fig.9. The specimens of the material after SAR treatment
showed little trend of intergranular attack while SHR treatment gave the similar
but less effective improvement to the material. The behavior of the SAR material
after the sensitizing aging was qualitatively equivalent to that of nonsensitized
mili-annealed material. The photomicrographs shown in Fig.10confirmed this inter-
pretation, _

In the severe attack test using chrolauric acid {HAuC10,) solution, sharp
contrast was revealed between the mill-annealed and furnace_sensitized material
and the SAR material with the same sensitizinc treatment, although the latter
suffered from extensive pitting attack over entire surface, while the former was

deeply etched intergranularly.
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4.3 SEGREGATION OF P AND S TO THE SURFACE DURING SENSITIZATION HEATING

Segregation of minor impurity elements such as P and S at grain boundaries
associated with the carbide precipitation reactions has been suspected to play a

(9) As a relative

role in IGSCC of sensitized austenitic stainless steels.
measure of such segregation tendency the segregation of P and S at the specimen
surfaces after heating in vacuum of about 107'° torr was evaluated. Figurell shows
the results of Auger spectroscopic measurements on MA, SHR and SAR materials after
heating at 600 °C for 2.5 hours. The quantities used are the increment of the
Auger peak intensity for each object species due to the heating, where the inten-
sity of the peak for Fe is used as the relativistic internal standard.

In SAR treated material P was found to have no trend of moving toward the
surface. The similar was true for S. These results indicate that these two
e]ehents are effectively trapped or stabilized in the precipitates through the

strain-aging and less mobile upon reheating at a typical sensitization heating.

4.4 SUSCEPTIBILITY TO IGSCC

Both in 20 w/o MgCl, solution and in high temperature oxygenated water, the
SAR materials showed no cracking within the range of the present test while the
MA materials cracked readily under the common test conditions. A typical contrast
in the surface topography between those two materials after testing in high tem-
perature water is illustrated in Fig.12.

4.5 SURFACE FILM FORMATICN

Higher Cr contents were noted in SAR materials relative to MA materials after
exposure for 160 hours to high temperature water (288 °C, DO, 8 ppm, sp. cond.
< 0.3 yur+cil). Figure 13 compares the amounts of Ni and Fe incorporation in the
surface films formed on SAR and MA materials after the sensitiiing heating and
exposure to the high temperature water environment.
The contents of these two elements were kept low in the SAR material indicat-
ing that the protective function of the material had been maintained throughout
the process and the observed extent was nearly equivalent to that found in non-
sensitized MA materials.
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5. DISCUSSION

Because of the good formability and mechanical properties in addition to the
general corrosion resistance, austenitic stainless steels have been widely employ-
ed in the nUclear reactor applications. Historically those alloys were designed
t0 be provided mainly with the resistance to aggressive corrosion, and the solu-

" tion annealing associated with homogenizing solution heating and the subsequent

quenching to obtain metastable single phase austenite structure has been the
standard heaf treatment in most industrial manufacturing processes. The character
of very low 0.2 % proof stress and structural instability upon mild heating has
been, therefore,'fatal to this sort of materials.

The treatment‘bf the type proposed in this paper is an alternative to over-
come such problems under the circumstance that the major requirements to the
materials could be basically different from the conventional uses in the nuclear
primary system environments. Major concerns in the application of the methods
are viewed in the following ways based on the obtained experimental resu]ts.

5.1 MECHANICAL PROPERTIES

As have been pointed out by many'authorities, the solid state reactions
including carbide formation as the major triggering element is one of the key
issues in determining the IGSCC susceptibility of the material. The major conven-

.tional means of avoiding such effects have been either (i) chemically stabilizing

by adding strong carbide formers or (ii) purifying the alloys in terms of C, P,
S and other minor impurities. In both types of means, various technical problems
have been experienced, which include the Tosses of, typicaliy, the hot formability,
the weldability and the mechanical strength at service temperatures. Softer
materials would also be subject to the possible decrease in corrosion fatigue
resistance. '
The observed improvement in the yield and ultimate tensile strengths in the
SAR material can be one of the attractive by-products of this method. The
enhancement is interpreted as a typical Ha]]-Petch(]]) effect due to the grain
refining as well as some contribution from the carbide destribution over grain
internals. The depletion of solute elements from the austenite matrix to form
the precipitates does not seem to discount the entire property. The sort of
structure has been known to improve also the creep and rupture properties up to
approximately 650 °C.(6)
Optimization of the combination of the degree of cold working, temperature
and time of the final recrystallization heating seems to be very important,

_8_



JAERI-M 8786

however, in obtaining uniform microstructure. Excessively high temperatures can
cause redissolution of carbide precipitates, while too low temperatures and
extended heating time may cause precipitation and even coarsening of intermediate
phases, which are harmful to the low temperature ductility. '

5.2 SUSCEPTIBILITY TO IGSCC

The corre]ation(1) between the IGSCC susceptibi]ity and the lower part of the
Rollanson curve(4) on M,3;Ce precipilation has been generally recognized in the
materials sensitized after solution annealing. Since the formation of the Cr-
depleted zone near grain boundaries can be considered as a result of differential
diffusion phanomena between C and Cr, the fact of better resistance to IGSCC
observed in either cold worked and aged or overaged MA materials are interpreted
as the result of reduced extent of the Cr depletion at grain boundary sites. The
use of cold-worked materials in actual applications, however, involves several
problems; typically their Tow ductility and high potentiality to soften through
recrystallization at the weld-HAZ areas.

The intermediate step of strain-aging in the SAR treatment has a significant
effect in scavenging the minor elements to the carbide precipitates. The dense
network of cold-work defects can cause efficient diffusion and precipitation of
the solute elements which otherwise would either segregate to or deplete at the
grain boundaries in the !A materials. The thermal stability of the precipitates
~during the subsequent heatings of recrystallization treatment and welding 1is

ffurther important item of study. In this respect type 304 steel was inferior
relative to type 316. Although the SAR treatment can cause some improvement to
the former also.

The effects of welding on the IGSCC susceptibility were not completely
examined to the date in this study. The furnace sensitization condition given in
the present work took the thermal conditfon common in the highest frequency of
IGSCC incidents for MA pipes with considerable acceleration dose. While in SAR
material, the problem may shift to the zone immediately adjacent to the fusion
line where the material reaches over-solution temperature. The authors consider
this problem to be less significant referring to the fact that the near-fusion
area is knowh to be covered by the constraint(]) of the harder weld metal deposit.
In order that the sensitized grain boundaries are provided,rthe nrocesses of
redissolution of carbide and the subsequent precipilation at the grain boundaries
are required during the heat cycles of the welding. The tests using SAR treated
and welded .pipes of type 316 steel are underway.
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5.3 RESISTANCE TO GENERAL CORROSION

The intentional aging that causes the carbide precipitation and the associ-
ated Cr depletion all over the material surface may cause some changes in the
response of the material to the general corrosion behavior. In high temperature
water the oxide film formed on austenitic stainless steel may contain higher Cr
than those formed in other environments with higner oxidizing potentials. The
typical film is said(5) to consist of the outer Cr(OH): and the inner FeHXCrZ_xOu
Tayers. Sufficient passivity, then, is maintained with high Cr supply to the
film formation, while corrosion rate is increased as the film brakes down to come
to Fe00H. In the present work the Cr content in the surface film was taken
conveniently as a measure of estimating the protective function of the film.

Through measurement by ESCA, the trend of loosing Cr in the surface film was
consistent with the degree of sensitization in the MA material. The observed
stability of Cr content in the SAR material regardless of whether sensitizing
heating was given or not would suggest that the SAR treatment stabilized the
structure and did not desrupt the potential function of passivation of the
material in the given environment. This result means that the distribution of Cr
at the surface of SAR material is sufficiently uniform to supply it upon protec-
tive oxide formation. In examining the resistance to general corrosion in more
comprehensive sense, long term exposure tests are needed.

6. CONCLUSIONS

1. Optimized thermomechanical treatment of conventional type 316 stainless steel,
associated with cold strainning, the subsquent precipitation aging and final
recrystallization heating (SAR)’provided a fine grain structure with uniformly
dispersed carbide precipitates,which is resistant to IGSCC and IG attacks in

most aggressive envoronments.
2. The SAR-treated materials showed improved mechanical properties.

3. The microstructure formed by SAR treatment was sufficiently stable in a
typical sensitization heating in terms of interfacial segregation of P and S.

4. The general corrosion resistance was not affected by the SAR treatment,and
better passivation characteristics was expected in post sensitizing conditions
relative to MA materials,
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Table 1
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Chemical composition of specimen materials.

(wt%)

C

Si

Mn

F)

S

0.06

0.61

1.22

0.035

0.012

Cr

Ni

Mo

Fe

16.40

10.82

2.22

Bal.

AISI 316 Stainless Steel

ry

PRI
PR XL

?dt!bﬂﬁﬁﬁ

y

MILL. ANN. —
COLD WORKED |
(STRAINED) AGED RECRYSTALLIZED SENSITIZED

Fig.1 Schematic feature of Mill Annealing and Thermo-mechanical treatment.
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COLD WORKED AND AGED MATRIX
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RECRYSTALLIZED]
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Log [ TIME |

Fig.2 Schematic diagram of S curves of mill anneal and SAR treatment.

350
7 T T 1,1
650°C
300b— AGED —*0'"“-&530'0
2

\

- T \Asgo'c
: RS
Z NN
3 \. 710°C

v -\v
© 200—
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=
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Fig.3 Recrystallization temperature to the ratio of cold working.
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Fig.4 Typical example of hardness changes during the carbide precipitation

aging at 650°C.
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Fig.5 Hardness changes during recrystallization treatment after strain aging.
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B) 50% C.W.+750°Cx20hr C) 50% C.W.+650°Cx50hr

(recrystallized) (aged)
+ 750°C x 20hr

(recrystallized)
Etching solution ; 10% Oxalic Acid

Fig,6 Typical microstructure of MA, SHR and SAR materials.
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50%CW.+650 Cx50hr+775 CxShr

.

Mill Annealed -

kg / mm?
[8) ]
S

STRESS,
L)
()

q} | l I [ | I 1 ‘
10 20 30 L0 50
STRAIN , % .

Fig.7 Typical stress-strain curves of MA and SAR materials in tensile tests
at room temperature.

TREATMENT | PROPERTIES RELATIVE TO M.A. CONDITION
0.5 1 15 2
800°C sssrrssrsrss R
[ 1hr (0y.s.)5AR/(07Y. 5. )ma
50% | 775 72
o
C.W.I™ 5hr
Ggghr‘; | 750C Esar/Ema
v L725°%C
100hr
| 700°C
S00h7 i MILL ANNEALED MaTERIAL = |
| 1 ] ]

SenstTizaTION ¢ 500°CxIOMIN + B50°CxIHR
MeasuReMENT: RooM TEMPERATURE

KEY : & ToraL ELONGATION

Fig.8 Mechanical properties of type 316 stainless steel after various SAR
conditions relative to MA material.
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MATERIALS JCORROSION RATEIMETAL LOSSHG g/crfre
Sensitized M.A. =400
No Sersitized M.A,
0
Materials  |CORROSION RATE (METAL LOSS)10%/cnfhr
1 T T ] )] T T il ) 1] | 1 1 L]
Mill Annealed 2227774 MA , No Sensitized
~825°C,1hr
50% 1-800°C, 1hr PZ2227277727772 SAR
Hs +0@C"775DC, ShrZZ2277777771 Sensitized
23he F750C,20hT
Y LS CAOOh T
0% 825 C,\ht PZrrmrr 77777777777 SHR
C.lN. -77580,5hr C I IOIITIOIHEIIEIEA Sensitized
=125 CI00N oo 777 777 777 7 77
0 5 . 10 . 15
Strauss Test Sensitizction:SOO_CK‘!Omin«SSOCMhr

up to 100 hr

Fig.9 Results of weight loss measurements after Strauss tests on MA, SAR
and SHR materials.

A) Mill Anneald B) 50% C.W. + 650°C x 50hr {Aged)
+ 750°C x 20hr {(recrystallized)

Strauss test 3 T100hvr
Condition of sensitization ; 500°C x 10min + 650°C x Thr

Fig.10 Photomicrographs of MA and SHR materials after Strauss corrosion tests.



LR, mo»m\m

JAERI-M 8786

Surface Segregtion of Sulphur und Phosphorus
after heating, 600°Cx2.5hr, ~3°Torr.

Materials  JAUGER PEAK RELATIVE INTENSITY al,
I i B | i

No Treated //////7/// (MA]
2

50% CW. + //
825°Cx 1hr
T(necrystailized) P

(SHR)

50% CW. + Z S Pretreatment

65%9%"?0 hr (SAR) Argon Ton cleaning

825° CMhr AlSH
Hrecrysmllized) | i ] | IS 316?

o 1 2 3 4 5 6 7
"(IX/IFQ}SI - (Ix/lpe)%l
I : Auger Peak To Peak Height

Fig.1l1 Results of Auger spectroscoplc measurements on surface segregatlon of
P and S after heating at 600°C for 2.5 hours.

A) Mill Annealed B) 50% C.W. + 650°C x 50hr {Aged)
+ 800°C x 1hr {recrystallized)

Pure water , 288°C , 8ppm Oxygen , 160hr

Fig.12 Surface topography of MA and SHR materials after exposure to high
temperature oxygenated water under stress.
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Materials

Relative composition of
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Fig.13 Results of ESCA analysis of surface films after exposure to high
temperature oxygenated water.




