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| Abstract |

!

Although type 316 stainless steel is widely used such as in reactors of petrochemical plants and pipes of steam power
plants, and is attracting attention as potential basic material for the fast breeder reactor structure alloys in nuclear power
plants, the effect of precipitates which form during the long term exposure at service temperature on creep properties is not
known sufficiently. In this study, to investigate the creep properties and the influence of prior aging on the microstructure to
form precipitates, specimens were first solutionized at 1130°C for 20 minutes and then aged for different times of 0 hr, 100
hrs, 1000 hrs and 2200 hrs at 750°C. After heat treatments, tensile tests both at room temperature and 650°C and constant

load creep rupture tests were carried out.

Keywords : Creep Rupture(Z2] = vjth), STS 316(316 AH 28] A7), Thermal Aging Treatment(E 24 A& 2 &),
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INTRODUCTION

Generally, metallic materials are crept at a
homologous temperature (the ratio Ta/Tm, where
Ta is the temperature under consideration and
Tm is the melting temperature) greater than
0.4. A number of equipments that operate in
power plants, petrochemical plants, oil refineries
and airplanes are exposed to the creeping
temperature.

At creep condition, because of high temperature,
microstructures of the structure alloys change
continuously, and this change influences the creep
property. Lot of studies have been reported on
the effect of microstructure on creep and stress
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rupture behavior, which is associated with the
grain size{1,2) and precipitates(3). Particularly,
studies which are associated with the
precipitation behavior consist of matching
fracture types to precipitates by means of long
term creep rupture test{4~6), and investigating
effects of precipitates on creep behavior by means
of prior aging treatment(7). But, studies by the
long term creep rupture tests are localized on the
fracture surface, and most studies by prior aging
treatment are of short term, and therefore, they
do not reflect the precipitation behavior that
happens to long time service equipments at high
temperature sufficiently.

In this study, the effect of long term aging
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treatment on creep behavior in type 316 stainless
steel which is widely used in high temperature
equipments such as pipes of steam power plants
and reactors of petrochemical plants was
investigated. At service temperature of these
equipments, the most important change of
microstructure in type 316 stainless steel is the
precipitation of cabides and intermetallic
compounds. Therefore, the purpose of this study
is to investigate effects of the precipitate such as
carbide with respect to the aging time of up to
2200 hrs at 750T on the creep rupture behavior
using the solutionized 316 stainless steel. This
kind of investigation on the change of
microstructure by precipitation is indispensable to
not only safe design but also the estimation of
life and efficient service of high temperature
equipments.

EXPERIMENTAL PROCEDURES

Test Specimens and Equipment

Table 1 shows the chemical composition of the
hot rolled type 316 stainless steel used in the
study. Before the aging treatment, all specimens
were solutionized at 1130C for 20 minutes in
order to resolve precipitates which may exist into
the matrix of austenite. and subsequently water
quenched in order to avoid the carbide
precipitation at the grain boundary during the
cooling process. After the solution treatment,
specimens were aged for different times of O hr,
100 hrs, 1000 hrs and 2200 hrs at 750°C. The
aging temperature is determined by the TTP
(Time-Temperature-Precipitation) diagram of type
316 stainless steel(8), according to which, the
typical precipitates that develop during the
service, form fastest at 750C.

For heat treatments of all specimens, a box
type electric resistance furnace(Lindberg type
51442) was used, and a K type thermocouple was
attached to the specimen for temperature control.

of *1.5T. Tensile properties were measured at
room temperature and 650C with 10 ton capacity
hydraulic servo material test system
(Shimadzu EF 0112-32) according to ASTM
E8 and E21 using KS B 0810-14A type
specimen(Fig.1). A 3 zone type electric
resistance furnace was used to maintain the
temperature during the measurement.
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Fig. 1. Geometry of tension specimen.
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Fig. 2. Geometry of creep rupture specimen.

Creep rupture tests were conducted with a 3
ton capacity dead weight type constant load creep
test(Shinwon SW-CFT3) according to ASTM
E139. Fig. 2 shows the shape of the specimen.
The displacement was measured using
LVDT(Kyowa DT-50A) system and the signal was
amplified with signal conditioner (Instech SM-10)
and recorded on PC using data acquisition
system. The strain was calculated according to
ASTM E139.

Experimental Condition

After the aging treatment, the microstructure
was examined with an optical microscope and the
grain size was measured to investigate the effect
of the aging treatment on the grain size. To
examine the microstructure, the etchant of
Gryceregia which etches precipitates selectively
was used.

g Constant load creep rupture tests were
The temperature was controlled with the accuracy
Table 1. Chemical composition of STS 316(wt.%)
C Si Mn P S Ni Cr Mo Fe
0.046 0.58 1.04 0.020 0.005 10.55 16.59 2.10 rem
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conducted under different stresses of 210, 230,
250 and 270MPa at 650C. Under 230MPa, tests
were conducted at three temperatures of 6507,
675C and 7007C.

RESULTS AND DISCUSSIONS

Microstructure and Tensile Test

Table 2 shows grain size and hardness of each
aged specimen. The change in grain size against
the aging time was negligible. however. a
significant increase in hardness in the 1000 hr
and 2200 hr aged specimens was noted, which is
believed to be the result of well dispersed carbides
in the grain and at the grain boundaries. Table 3
shows tensile properties of the each aged

specimen.

At room temperature, both tensile and yield
strengths of 1000 hr aged specimen were the
greatest, with the least ductility value. However,
there was not much difference between 1000 hr
and 2200 hr aged specimens. At 650T, 2200 hr
aged specimen showed the greatest value in yield
and tensile strength, however. again, there was
not much difference between 1000 hr and 2200hr
aged specimens.

Fig. 3 shows optical microstructures of each
aged specimen. As the etchant Glyceregia etches
precipitates preferentially, Fig. 3a shows only
some parts of grain boundaries, indicating
onlyfew precipitates form at the grain boundaries.
Fig. 3b which is the microstructure of 100 hr
aged specimen at 750T shows carbides at the

—

Fig. 3. Light optical microstructures of each aged specimen.
(a) not aged. (b) 100 hr at 750°C. (c) 1000hr at 750°C.
(d) 2200hr at 750°C. (etchant : Glyceregia)
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Table 2. Grain size and hardness of each aged
specimen .

Aging Time 0 hr 100 hr | 1000 hr | 2200 hr
Grain Size

ASTM No. 6.9 6.8 6.9 6.8
Hardness
Rockwell B 71 71 78 79

Table 3. Tensile properties of each aged specimen
(* 0.2% offset yield strength)

Aging Time (hour) 0 | 100 | 1000 | 2200

Yield Strength* (MPa) | 229.8 | 2253 | 310.1 | 2936

?‘e’;': Tensile Strength (MPa) | 590.9 | 569.1 | 6127 | 590.7
Elongation(%s) 517 | 481 | 422 | 465

Reduction in Area (%) 776 | 662 | 504 | 487

Yield Strength* (MPa) | 117.7 | 829 | 1658 | 1729

Tensile Strength (MPa) | 3482 | 340.7 | 362.2 | 362.0

650C Elongation(%) 290 | 244 | 375 | 289
Reduction in Area.(%) 716 | 594 | 453 | 511

grain boundary and a few carbides in the grain.
Fig. 3¢ is the microstructure of 1000 hr aged
specimen at 750C and shows coarsened carbides
in the grain and at the grain boundary. In case
of 2200 hr aged specimen (Fig. 3d), more
coarsened carbides were found in the whole grain
and at the boundary. Laves phase and ophase
precipitates were not found with the light optical
microscope.

Creep Rupture Test

Fig. 4 shows the creep elongation of the each
aged specimen. Except 270MPa specimens, the
creep elongation values increase significantly in
100 hr aged specimens followed by decrease in
1000 hr aged specimens and increase again in
the 2200 hr specimens. This tendency is believed
to be the result of easy glide motion of
dislocations as the content of solutionized carbon
decreases forming precipitates. The greatest
elongation value of 100 hr aged specimens
resulted from easier grain boundary sliding which
was caused by finer carbides than those of 1000
hr and 2200 hr aged specimens. Comparing 1000
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hr aged specimens with 2200 hr aged specimens,
the elongation behavior can be explained by
fracture modes. At the near failure surface of
1000 hr aged specimens, cavity type cracks
grown transversely to the tensile direction were
found. These cracks seem to grow to the critical
size before significant elongation happens in the
tensile direction. In 2200 hr aged specimens,
cavity type cracks which were caused by carbides
were found. The cavities that formed at the
interface of the grain boundary carbides and
grain boundary by grain boundary sliding grew
into cracks along the grain boundary by
continuous grain boundary sliding, and caused
greater elongation in the tensile direction than
that of 1000 hr aged specimens.
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Fig. 4. Effect of aging time on creep ductility.
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Fig. 5. Effect of aging time on time to rupture.

Fig. 5 shows the minimum creep rate of each
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aged specimen. The 100 hr aged specimens
showed the greatest rate and as the aging time
gets longer, the rate decreased. The fine grain
boundary carbides of 100 hr aged specimen made
the grain boundary sliding easy, so the minimum
creep rate increased. In case of 1000 hr and
2200 hr aged specimens, the coarsened grain
boundary carbides made the grain boundary
sliding difficult, and well dispersed carbides
inside of the grains hindered the movement of
dislocations.

Fig. 6 shows the time to rupture of each aged
specimen. The rupture life of 100 hr aged
specimen was the shortest. In case of 1000 hr
aged specimen. the life increased a little, and in
2200 hr aged specimen, the life decreased again.
Although the elongation was the greatest in 100
hr aged specimen, it had the shortest rupture life
resulting from the fastest creep rate.
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Fig. 6. Effect of aging time on minimum creep rate.

Fracture types were investigated with an
optical microscope. Creep fracture types of all
specimens were generally transgranular type
fracture. In 1000 hr aged specimen, the cavity
type microcracks were found at the interface of
the carbide, which coarsened at grain boundary
triple point. The microcracks grew transverse to
the tensile direction. A triple point is a favorable
site to precipitate and an early precipitated
carbide coarsens the largest, and the carbide
which becomes the stress concentration point
offers crack initiation site. In 2200 hr aged
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specimen, cavitations occurred at grain boundary
carbide interfaces and they coalesced. The
coalescent cavities became microcracks and
propagated along the grain boundaries.
Nevertheless, the transgranular type fracture
dominated over the cavity type fracture in both
cases. Fig. 7 shows cavities in 1000 hr and 2200
hr aged specimens near the fracture surface.

(a) 650°C/250MPa after 1000 hr aging

(b) 650°C/270MPa after 2200 hr aging

Fig. 7. Microstructures of ruptured specimen

Under the constant temperature, in the power
law creep regime, the stress dependence of the
minimum creep rate of stainless steel is
expressed by an equation of the form(9).

= Ag" (1

where ¢€,, is the minimum creep rate, A is a
constant, o¢is an applied stress, n is the creep



exponent. Each value of creep stress exponent, n,
is determined by the same method shown in Fig.
8 for the case of not aged specimen. Fig. 9 shows
the measured value of n of each aged specimen
at 6507C.
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Fig. 8. Determination of the creep exponent n at 650°C.
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Fig. 9. Effect of aging time on the creep exponent n at

650C
For the steady-state creep, the simplest
assumption is that it is a singly activated
process which can be expressed by an
Arrhenius-type rate equation(10].
€,,= Be KT (2)

- 128 -

where E;,, is the minimum creep rate, B is a
constant, R is the universal gas constant, T is
the absolute temperature, and J4H is the
activation energy for the rate-controlling process.
A4H can be calculated by plotting Ine,, vs. 1/T

which could be obtained through a set of tests
with a small interval in temperature in order
that creep mechanism may not change under the
same stress condition.
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Fig. 10. Determination of creep activation energy
H. (not aged specimen)
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Fig. 11. Effect of aging time on the creep activation
energy 4 H at 230MPa.

The value of each creep activation energy,
4H, is obtained by the Arrhenius plot. Fig. 10
shows the determination of AH for the case of
the specimen not aged. Fig. 11 shows the creep
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activation energy of each aged specimen. The
change of minimum creep rate vs. aging time can
be explained by the value of the creep activation
energy, i.e. as the creep activation energy gets
greater, the minimum creep rate becomes slower
because the creep deformation is constricted. In
contrast, as the creep activation energy becomes
smaller, the minimum creep rate becomes faster.

CONCLUSIONS

Using the prior aged 316 stainless steel, creep
rupture tests were conducted under various stress
conditions and at various temperatures. From the
experimental results. following conclusions were
obtained.

(1} The rupture life of 100 hr aged specimens
was found to be the shortest, which is the
result of the highest minimum creep rate.
And the 0 hr aged specimens showed the
longest rupture life, followed by 1000 hr
aged and 2200 hr aged specimens.

(2) The value of the creep stress exponent, n,
decreased as the aging time increased. The
n values for the O hr. 100 hr, 1000 hr,
2200 hr aged specimens were measured to
be 13.5, 5.7, 4.4 and 2.9.

(3) The creep activation energy varied with
the aging time. The activation energies for
0 hr. 100 hr, 1000 hr and 2200 hr aged
specimens were calculated to be 679.1,
421.6, 527.5 and 517.2 kJ/mol.

(4) The dominant fracture type of all aged
specimens was the transgranular type
fracture, but in 1000 hr and 2200 hr aged
specimens, the cavity type microcracks were
found at the interface of coarse carbide and
grain boundary.
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