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ABSTRACT -High temperature materials in service are subjected to mechanical damage due to operating load and
metallurgical damage due to operating temperature. Therefore, when designing or assessing life of high temperature
components, both factors must be considered. In this paper, the effect of tensile hold time on high temperature fatigue
crack growth and long term prior thermal aging heat treatment on creep rupture behavior were investigated using STS
316L and STS 316 austenitic stainless steels, which are widely used for high temperature components like in automotive
exhaust and piping systems. In high temperature fatigue crack growth tests using STS 316L, as tensile hold time increased,
crack growth rate decreased in relatively short tensile hold time region. In creep rupture tests with STS 316, as aging time
increased, the values of creep stress exponent decreased. In long term aged specimens, cavity type microcracks have been
observed at the interface of grain boundary and coarsened carbide.
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1. INTRODUCTION life tends to increase when tensile hold time is relatively
short (Parida and Nicholas, 1992; Adefeisal, 1996;
Stainless steel has good high temperature strength anthtaet al, 1994).
corrosion resistivity. Thus, it is used for exhaust system, Generally, metallic materials creep at a homologous
mold, and muffler in automobile. Especially, austenitic temperature greater than 0.4. A number of equipment that
stainless steel has outstanding machinability, weldability operate in power plants, petrochemical plants, oil re-
and high temperature strength, which explains why it isfineries and airplanes are exposed to the creeping temper-
being used for high operating temperature equipmentture. At creep condition, because of high temperature,
such as pipe and tube in power plants besides automobilaicrostructures of the structural alloys change continu-
(Kim et al, 1996). ously, and this change influences the creep properties.
High temperature components are subjected to two Many studies have been reported on the effect of
types of damages during service. One is a mechanicahicrostructures on creep and stress rupture behavior,
damage caused by operating load and the other is which is associated with the grain size (Hong and Yu,
metallurgical damage caused by operating temperature. 1989; Nakanishi, 1997) and the precipitates (Gétoa,
Many structures or components are generally used 997). Particularly, studies, which are associated with the
under either static or cyclic load based on their operatingrecipitation behavior, are consisted of matching fracture
conditions, but with some degree of differences, they ar¢ypes to precipitates by long term creep rupture tests
exposed to the operating conditions where both static an(Shinya et al, 1983; Biss, 1981; Shinya, 1985) and
cyclic loads apply. When static load and cyclic load areinvestigating the effects of precipitates on creep beha-
applied simultaneously or repeatedly at high temperatureyiors by prior aging treatment (Kinet al, 1990).
damage on a material due to creep deformation and cradkowever, studies by the long term creep rupture tests are
nucleation and propagation due to fatigue cause an earlpcalized on the fracture surface, and most studies by
fracture of components (Lee, 1997; Nam and Hongprior aging treatments are of short term, and therefore,
1984). Most materials show decrease in fatigue life agthey do not reflect the precipitation behavior of the
tensile hold time increases, but in some materials, fatiguequipment served for long period at high temperature
sufficiently. Therefore, to assess life of high temperature
*Corresponding author. e-mail: components, both mechanical and metallurgical damages
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must be considered. creep rupture behavior of STS 316, creep rupture tests
In this study, high temperature fatigue crack behaviorwere conducted with a 3 ton capacity dead weight type
of STS 316L with various tensile hold times was constant load creep machine (Shinwon SW-CFT3) accord-
examined and their effect on high temperature fatiguengto ASTM E139 (1995). Figure 2 shows the geometry
was analyzed using fracture mechanics paramé#er  of the creep rupture specimen. The initial applied stresses
and the effect of long term prior aging treatment on creegor the aged specimens were ranged from 210 to

behavior in STS 316 was investigated also. 270 MPa and displacement was measured using LVDT
(Kyowa DT-50A) system and the signal was amplified
2. EXPERIMENTAL PROCEDURES with signal conditioner (Instech SM-10) and recorded on

PC. The strain was calculated according to ASTM E139.

Table 1 shows the chemical composition of the STS To observe the precipitates formed after the aging
316L (AISI 316L) and the STS 316 (AISI 316) used for treatment, an optical microscope was used and the grain
the test specimens. size was measured to investigate the effect of the aging.

All specimens were solutionized at 11G0for 20  To examine the microstructure, Gryceregia was used as
minutes in order to resolve precipitates which may exist
in the matrix of austenite, and subsequently, they were N ) ]
water quenched to avoid the carbide precipitation at thd @Ple 2. Conditions of the fatigue tests loading.
grain boundaries during the cooling process. After the

solution treatment, STS 316 was aged for different times : Loading* Initial <K Final « K
. Hold time Jm Jm
of 0, 100, 1000 and 220 .lat 750C. The aging temper- waveform  (MPa vm) (MPa J/m)
ature was determined with the TTP (Time-Temperature- ( sec. Triangular 15.4 23.6
Precipitation) diagram of type 316 stainless steel (Shinya g geoc. Trapezoidal 15.1 253
oo 1002 Aeoving o e g e P MG 10sec.  Topeaodsl 146 253
P b g ' 50 sec. Trapezoidal 20.6 26.6

75CC. After the aging treatment, room temperature and }
high temperature tensile tests were carried out. Tensile 100 sec.  Trapezoidal 20.4 26.4
test specimens were prepared according to KS B 0801.oading (unloading) time is 0.05 sec and load ratio is 0.1
(1991). Room temperature tests were performed accord-
ing to ASTM E 8 (1995) and high temperature tests al
650C according to ASTM E 21 (1995). 47.5
To evaluate the effect of tensile hold time on high
temperature fatigue crack growth of STS 316L, tensile
hold time applied fatigue tests were carried out using —
solution treated specimens. Fatigue tests were carried ol 9.5
using a 10ton capacity Shimadzu Dynamic Testing
System at 60C according to ASTM E 647 (1995). The ~
test conditions are shown in Table 2. The short loading - - 0
and unloading times, which were 0.05 sec each, wert -
chosen to avoid creep effect during the loading anc ®_
unloading. Figure 1 shows the geometry of the fatigue
test specimen. Crack length was measured using Direc
Current Potential Drop (DCPD) method. 17.1
To investigate the effect of thermal aging treatment on

1
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—
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Table 1. Chemical composition (wt%).

Material C Si Mn P S /‘RS_ @5
316L 0.02 062 0.69 0.021 0.002 ‘é, ; [ -
316 0.046 058 1.04 0.020 0.005 — —{ﬁ——ﬂi:
Material  Cr Ni Mo Fe 9 ﬂ;%:h q el
316L 17.37 1223 2.6 Bal.
316 16.29 10.55 2.10 Bal.

Figure 2. Geometry of creep rupture specimen.
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an etchant to etch precipitates selectively. hold times were observed as shown in Figure 4. Based on
To study the change of crack growth rate by fracto-the result, it can be concluded that tensile hold time

graphy, aspects of the fracture surface due to tensile hold

time were examined with Scanning Electron Microscope

"
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3. RESULTS AND DISCUSSION 3 6l , " 2
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3.1. Fatigue Crack Growth Rate Tests With Tensile Hold € , somntad oy 1 1.5x10% _c%
Time e a
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Figure 3 shows the fatigue test results of 0 sec., 5 sec., 1€ | N 8= Gk ncraamen g
sec., 50 sec., and 100 s¢ensile hold time specimens g ; nem—— {sox10° 5
with a da/dN andAK curve. The results of fatigue test © , , , , A PP |
with O sec. and 5 setensile hold time were similar to ° ot 2x10' 3a0®  aae'  sx10* %
each other as can be observed in the figure but the 5 se Number of cycles, N (cycle) &

tensile hold time showed decrease in crack growth rate )

Also, the crack growth rate for tensile hold time of 10 Figure 4. Results of a-N curve (solid squag,and the
sec. decreased compared to the 0 sec. and 5 sec. onfatigue crack growth rate (open circle) with hold times
When the crack growth rates were compared within theof 80 min applied at the maximum load at different crack
AK range of 20.4 MPdm to 26.6 MR , it can be length at 608C.

seen that as the hold time increased from 0 tee&Qthe
rate decreased, however as hold times increased furth
to 50 and 10Bec, the rate ceased to decrease, but begal
to increase. When the pure fatigue crack growth rates an
the tensile hold time applied fatigue crack growth rates
were compared wheréK is 23 MPa/m , the percent
decreases were 10kbfor 5 sec, 40.8%6 for 10 sec,
42.0% for 50sec, and 22.86 for 100sec.

From the above results, it can be seen that within the
AK range of this study, the STS 316L steel tends tc
decrease in crack growth rate compared to the pur
fatigue one in the relatively short tensile hold time range. O T e se 80 100 120

To find the reason for decrease in the crack growth Hold time (s)
rate, another experiment was done as shown in Figure -

Hold time of 80 minis applied at three different crack Figure 5. Crack growth rate as a function of hold time. A
lengths during the pure fatigue test and the decreasindK is 23MPa/m .
behaviors of crack growth rate after application of the
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Figure 6. Fractured surface of fatigue crack growth tes

Figure 3.da/dNvs.AK curve at various tensile hold times with 80 min. hold time applied at the maximum load in
(0, 5, 10, 50, and 100 sgc Figure 4.
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causes blunting at the crack tip due to creep deformatiomable 4. Tensile properties of aged specimens.
and since resharpening time is required for crack to

propagate again, the overall crack growth rate decreases. Aging Time (hr) O 100 1000 2200
Figure 5 shows the crack growth rates whiifeis 23
MPa.J/m for each hold time. This result is similar to the Room Y.S. (MPa) 229.8 2253 310.1 293.6
study of Adefriset al (1996), with 1Cr-1Mo-0.25V steel. 1€MP-  U.T.S. (Mpa) 590.9 569.1 612.7 590.7
In trapezoidal waveform, the crack growth rate at the Elongation (%) 51.7 481 422 46.5
increasing and decreasing load parts, which is the crack R.A. %) 776 66.2 504 48.7
growth rate of fatigue, decreases gradually with increasggpc Y.S. (MPa) 117.7 82.9 165.8 172.9
ing hold time due to creep deformation. On the other U.T.S. (Mpa) 348.2 340.7 362.2 362.0

hand, in the part where tensile hold time was applied, the
crack growth rate increases as the tensile hold time
increases due to creep. As a result, in relatively short
tensile hold time, overall crack growth rate decreases due
to blunting at the crack tip and cycle-dependent crack___
growth behavior is dominating. As the tensile hold time (a)
increases, crack growth rate by creep increases causir |
overall crack growth rate to increase and time-depender
crack growth behavior is dominating.

Figure 6 is the SEM photograph of a fracture surface
of the fatigue test specimen with the applied tensile holc
time of 80 min at the maximum load during pure fatigue c)
test. In the photograph, dimples caused by creep defoif®
mation were observed on the fracture surface, whict
indicates the occurrence of blunting at the crack tip tha
would lead to the decrease in crack growth rate.

Elongation %o) 29.0 244 375 289
R.A. (%) 716 59.4 453 511

Ty
3.2. Microstructure and Tensile Test of Each Aged Speci-“*
men
Table 3 shows the grain size and hardness of the age
specimens. The change in grain size against the agin
time was negligible, however, a significant increase in
hardness in the 1000 hr. and 2200 hr. aged specimens,
which is believed to be the result of well dispersedspecimen. As the etchant, Glyceregia, etches precipitates
carbides in the matrix and at the grain boundaries, wagreferentially, Figure 7a shows only the grain boundaries,
noted. Table 4 shows the tensile properties of the agetkvealing few precipitates formed at the grain boundaries.
specimens. Figure 7b, which is the microstructure of 100 aged
At room temperature, both tensile and yield strengthsspecimen at 75C, shows carbides at the grain boundary
of 1000 hr. aged specimen were the greatest, with thand a few carbides in the matrix. Figure 7c is the
least ductility value. However, there was not much differ-microstructure of 1000 hr. aged specimen at'G%hd
ence between 1000 hr. and 2200 hr. aged specimens. Ahows coarsened carbides both in the matrix and at the
65CC, 2200 hr. aged specimen showed the greatest valugrain boundary. In case of 2200 hr. aged specimen,
in yield and tensile strength, however, again, there wasgigure 7d, more coarsened carbides were found in the
not much difference between 1000 hr. and 220@ded  whole matrix and at the boundaries. Laves anghase
specimens. precipitates were not found with the optical microscope.
Figure 7 shows optical microstructures of each aged
3.3. Creep Rupture Tests of Each Aged Specimen
Figure 8 shows the creep elongation of the each aged
specimen. Except the 250 MPa applied specimens, the
creep elongation values increase significantly in 100 hr.
Aging Time (hr) 0 100 1000 2200  aged specimens followed by decrease in 1000 hr. aged
Grain Size ASTM No. 6.9 6.8 6.9 6.8 specimens and increase again in the 2200 hr. specimens.
Hardness Rockwell B 71 71 78 79 This te.ndency.is believed to be the resullt o_f relatively
easy glide of dislocations, where the solutionized carbon

Figure 7. Microstructures of each aged specimen: () no
aged; (b) 100 hr. at 780; (c) 1000 hr. at 73C; (d) 2200
hr. at 750C (etchant: Glyceregia).

Table 3. Grain size and hardness of aged specimens.
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Figure 8. Effect of aging time on creep ductility.
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Figure 9. Effect of aging time on minimum creep rate.
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Figure 10. Effect of aging time on time to rupture.

content was low due to formation of carbide precipitates.
The highest elongation values in each specimens wer
from the 100 hraged specimens and it is thought to be
the result of the easier grain boundary sliding with the

specimen. Under all applied stresses, the 10&Gded
specimens showed the greatest rate and as the aging time
gets longer, the rate decreased. This can be explained by
the following assumptions that the fine grain boundary
carbides of 100 haged 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 more difficult, and the well dispersed
carbides inside of the grains hindered the movement of
dislocations as well.

Figure 10 shows the time to rupture for each aged
specimen. The rupture life of 100 hr. aged specimen was
the shortest under all applied stresses. 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 due to the fastest creep rate.

Fracture types were investigated with an optical micro-
scope. Creep fracture types of all specimens were gener-
ally transgranular type fracture. In 1000 hr. aged specimen
under the stress of 250 MPa, 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, which is indicated by
the elongation of the grains.

A triple point is known to be a favorable site to preci-
pitate and as the carbide becomes the stress concentration
point, it offers a crack initiation site. In 2200 hr. aged
specimen under the initial stress of 270 MPa, cavitations
formed 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. Figure 11 shows cavities in
1000 hr. and 2200 hr. aged specimens near the fracture
surface. 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

finer carbides than those of 1000 hr. and 2200 hr. ageFigure 11. Microstructures of ruptured specimen: (a)

specimens.

1000 hr. aged specimen (66250 MPa); (b) 2200 hr.

Figure 9 shows the minimum creep rate of each ageiaged specimen (630/270 MPa).
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12 y y T T the aging times. The change of minimum creep rate vs.
c vos aging time can be explained by the value of the creep
o ok - activation energy, i.e. as the creep activation energy gets
o greater, the minimum creep rate becomes slower because
5 [= h deformation | icted. | h
2 &l ) the creep deformation is constricted. In contrast, as the
N o creep activation energy becomes smaller, the minimum
a ' creep rate becomes faster.

sl ]
g \510

" 4. CONCLUSIONS
. . . .

0.0 5.0x10°  1.0x10°  1.5x10° 2.0x10° 2.5x10°

In this study, STS 316L steel was tested for fatigue crack
Aging time (hour)

growth with various tensile hold times in trapezoidal
waveform at 60 and by using the prior aged STS 316

Figure 12. Effect of aging time on the creep exponet steel, creep rupture tests were conducted under various

650C. stress and temperature conditions. From the results, fol-
lowing conclusions were obtained.
aoad? ' ' . (1) The STS 316L specimens showed a decrease in
fatigue crack growth rate in relatively short tensile hold
& ! time region of up to 50 sec., compared with the pure
§~6-°*‘°‘ 5275 sz | fatigue, 0 sec. hold time applied case. But as the hold
sg i time increases to 100 sec., the crack growth rate began to
}‘33 40001 ] increase again due to crack tip blunting.
§£ (2) In STS 316 under initial stresses of 210 MPa-270
§ 20 F 1 MPa, the 100 hr. aged specimens showed the shortest
S rupture life which was resulted from the highest minimum
00 s . . . creep rate. And the 0 hr. aged specimens showed the
00 sox10  1oa0" 15107 20x10° 2500 longest rupture life, followed by 1000 hr. aged and 2200
Aging time (hour) hr. aged specimens.

. . . L (3) The value of the creep stress exponentin
Figure 13. Effect of aging time on the creep activation ¢, = A" decreased as the aging time increased. The

energyAH at 230 MPa. measuredh values for the O hr., 100 hr., 1000 hr., 2200
hr. aged specimens were 10.5, 8.6, 6.7 and 5.0
the form (Frost and Ashby, 1982). respectively.

s = Ag ) (4) The creep activation ener@H, in &, = Be*""",

" varied with the aging time. The activation energies for 0
whereg,, is the minimum creep rateis a constanty is hr., 100 hr., 1000 hr. and 2200 hr. aged specimens were
an applied stress, amds the creep exponent. calculated to be 679.1, 421.6, 527.5 and 517.2 kJ/mol

Figure 12 shows the measured valua of each aged respectively.
STS 316 specimen at 680 As the aging time increased,  (5) The dominant creep rupture mechanism of all the
the n values decreased from 10.5 down to 5.0. aged specimens were the transgranular type fracture and
For the steady-state creep, the simplest assumption ia 1000 hr. and 2200 hr. aged specimens. The cavity type
that it is a singly activated process which can be expresanicrocracks were found at the interface between coarse
ed by an Arrhenius-type rate equation (Dieter, 1988). carbide and grain boundary.
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