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The creep-fatigue life extension of AISI 316 austenitic stainless steel by heat treatment for
cavity annihilation was investigated. Different heat treatments were conducted to find
better conditions which could enhance the effect of treatments for the life extension.
Cavities formed during creep-fatigue tests were found to be annihilated during solution
heat treatment, and the cavity annihilation led the materials to have longer creep-fatigue
lives. Having different heat treatments, it can also be suggested that the extension of the
creep-fatigue life can be maximized by changing the ageing condition, after solution
treatment, to have the lower density of grain boundary carbides that serve as nucleation
sites for the cavities. The specimen aged at a higher temperature which has the lower value
of cavity nucleation factor, P/, has a longer extended creep-fatigue life. In this specimen,
cavity re-generation during the loading after annihilation of previous cavities is retarded
owing to the lower density of the grain boundary carbide. © 2000 Kluwer Academic
Publishers

1. Introduction suggested to be
Many components operating in power-generation and
aeronautics are subjected to complex stress-loading cy-
cles at high temperature. A high temperature low cycle
fatigue with tensile hold time at the peak tensile strain
(creep-fatigue interaction), is one of the methods forwhere P, As,, andN were the cavity nucleation fac-
understanding the damaging process of these compaor, the plastic strain range, and the number of cycles,
nents. Studies on this damage mechanism and the lifeespectively [2].
prediction of these structures under creep-fatigue in- Generated cavities are thought to be grown during the
teraction conditions are very important for their future hold time period at tensile peak strain by grain boundary
effective use. However, it would be more efficient if diffusion of vacancies. To make a growth model of the
the life of these components could be extended by @avities, the constant stress term of the Hull-Rimmer
proper treatment. Considering the creep-fatigue live$6] model for diffusional growth of cavities was mod-
limited by the damages, it can be imagined that thefied as a function of hold time, because of the load
creep-fatigue life could be extended if the formationrelaxation taking place during tensile hold time in the
of damage were retarded or the damage formed in thereep-fatigue test [2—4]. With assuming thas> 2y /r;
materials were removed.

It is generally known that grain boundary cavitation
is the main damage mechanism in austenitic stainless d_A - M
steels under tensile hold creep-fatigue interaction con- dt KTl
dition [1-5]. The number of cavities nucleated during
cyclic loading per unit area of grain boundamywhich ~ whereA is the cavitated area of a given cavitys the
is proportional to the amount of plastic deformation wascavity spacings is the effective width of the boundary,

)
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Dg is the grain boundary diffusivity§2 is the atomic TABLE I Chemical composition and heat treatment procedure of 316

volume, o (t) is the tensile peak stress relaxation termstainiess steel

during hold time, andk, T give theirusualmeanings. ¢ s mMn P S o N Mo V  Fe
Considering cavity nucleation and growth at carbides

on the grain boundary, the model for creep-fatigue life0.044 0.47 1.40 0.04 0.017 16.8 10.82 2.2®.04 bal.

prediction was suggested by Hoapal.[2];

Heat treatment before creep-fatigue tests
Solution treatment : 105@€, 1 hr— water quenching

expQg/RT) /! —2/5 ing - . i
Ncr=C(PA8p)3/5{ p¢ $g/ )/ O’(t)dt} Ageing : 760C, 50 hr— water quenching
0
)

where, L . . .
annihilation of previous cavities, which can be another

478D\ Y5 effective method to extend the lives of high temperature
C= <7) (4) materials.

Sk A Inthis work, creep-fatigue life extension of austenitic
stainless steel by cavity annihilation is investigated.
Different heat treatments are conducted to find better
conditions which could enhance the effects of the treat-
ments on the life extension by controlling not only the
conditions of annihilation but also the re-generation of
cavities. Microstructural studies are also conducted to
P— PAT 5) obs_erve the annihilation behavior of the cavities on the

P grain boundary.

Considering the strain dependency of the cavity nucle-
ation factor, the model was modified [4];

where Qq is the activation energy of grain boundary
diffusion,C is a constant including the critical cavitated
area ;) andP was considered to be a constaPivas,
however, found to be a function of the plastic strain
range,

2. Experimental procedure
/5 Creep-fatigue tests were carried out with AISI 316
_ ex (_Q /RT) t -2/ . . .
N —C(P’As"‘) 3/5 | €Xp— g / o(t) dt stainless steel whose chemical composition and heat
cr— p . . .
T 0 treatment conditions before testing are shown in
(6) Table I. Ageing treatment is conducted to make the

stable carbides precipitate on the grain boundary and

, . . .
whereP”, the new cavity nucleation factor, is known to prevent further growth during the test. Total strain

. . . t
be a materials constant related with the grain boundargz)ntm"ed low cycle fatigue tests with 10 minute ten-

carbide density anth=nm' -+ 1. This model is known sile hold time at the maximum tensile strain were con-
to be good for the accurate life prediction under creep-:

: T : : : ducted at 600C. The tested total strain rangess()
fatigue condition in which the failure is controlled by :
the grain boundary cavitational damage [34, 7]. were+1.0,£1.5 andt2.0%. The tests were interrupted

: : : ; at the pre-determined cycle®Ndop), i.€., /3N or
However, the cavity growth during hold time will ac- : " P ;
tually only take place when the applied stress perpeng/:gNC" whereN, is the critical number of cycles (i.e.,

. : ; fatigue life) at a given test condition [2, 5]. The inter-
dicular to the grain boundary(), is greater than the Vr_upted specimens were then solution treated at 4050

surface tension forces which tend to collapse the ca For 30 minutes t h i dt ve th
ity [6], even though this term is disregarded in Equa- or b_dmlnu eﬁ‘ 0 re_mk())ve de cawfltes anl roresove the
tion 2 because of its small value as compared to th aer slpgii(r)nnetn:\?vrearler: aggg aegl;rgd. lfwiai&gth?f?et:eeittngggt
?hpepgﬁg dsl;[lr Oer? ?OFC%T/?S Z?gvg\/t:whies surface tension forc diti_ons, at 840C for 40 hours and at76_(£ for50 hours,

to investigate the effects of the ageing heat treatment
on the life extension by controlling the size and distri-
bution of grain boundary carbides which are known to

wherey is the surface free energy ands the radius be very Important factors f(_)r cavity nuclgatlpn [3]. The
test procedure is schematically shown in Fig. 1.

of the cavity. If the applied stress is removed when the ; . ;
material is at high temperature, the cavity would be For the observation of grain boundary carbides and

expected to collapse by losing vacancies to the grai@?(\)/I:[;SBS?ric';nc?gi\évgzg}wsg\I/Ci':Lq:(I:im:irr?gi?et;g)en
boundary [8—12]. This annihilation of cavity means the yimp 9

recovery of the materials from the damage formed dyrinicroscope (SEM). The second technique used in ex-

ing the creep-fatigue interaction. And the recovery ofamining was a metallographic observation with SEM

the materials result in the extension of their lives. of the longitudinally sectioned specimen whose sur-

Recovery of mechanical properties by heat treatiace was polished and etched in a solution of 10 ml

ment [13-17] and cavity annihilation under different HCI+15 ml CHCOOH+10 ml HNG;.

heat treatments and stress conditions [8-11, 14] have

been investigated. Most studies for recovery of prop-

erties or life extensions have been conducted from th8. Results and discussion

view point of the effectiveness of reducing the damage3.1. Life extension by cavity annihilation
However, there are little reports considering the predt has been verified from the previous reports [2—4] that
vention of cavity re-generation during loading after thegrain boundary cavities are continuously formed and

o) > 2 )
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Figure 1 Schematic diagram showing the test procedures.

grown with fatigue cycles under creep-fatigue interac-
tion condition. It is also generally believed that cavities
are nucleated at geometrical irregularities on the grain
boundaries where high tensile stress concentration can
be developed. In austenitic stainless steels the potential
sites of stress concentration are the carbides precipi-
tated on the grain boundary during an ageing treatment
[18].

Fig. 2 shows the cavities and carbides on the grain
boundary of the 316 stainless steelwhich were fractured
by impact at liquid nitrogen temperature (LNT) after a
creep-fatigue test at 600 with Ag; of +£2.0% and 30
minute tensile hold. Fig. 2a and c are the opposite sides
of Fig. 2b and d, respectively. The cavities in Fig. 2a or
c are observed to be formed at the equivalent position
of carbides in Fig. 2b or d and vice versa. From this
observation, it is clear that the grain boundary cavities
are formed and grown at the carbides, as a dominant
nucleation site.

A specimen was fatigued up to the number of cy-
cles which are high enough to have some cavities in
the specimen, say, the 2/3 of the expected critical life
at 600 C with total strain rangeAe;) of £2.0% and 10
minute tensile hold. The specimen was then taken out
of the tester and impact fractured at LNT to observe the
damage formed during creep-fatigue test. Fig. 3a shows
the fractured grain boundary with cavities formed dur-
ing creep-fatigue loading at the carbides. Another two
specimens were also creep-fatigued up to theNg/3

Figure 2 SEM micrographs showing the distribution of cavities and carbides on the matched grain boundary after creep-fatigue test (316S.S.,

600°C, Ae; = +2.0%, th, = 30 min) (a) grain boundary with cavities and carbides, (b) the opposite side of (a), (c) high magnification of (a), (d) high

magnification of (b).
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X3,000

Figure 4 SEM micrographs showing the grain boundary carbide and
cavity distribution (316S.S., 60C, Agt = +1.0%, th, = 10 min, 2/
stop) (a) before heat treatment, (b) after solution treatment (1050
30 min).

similar to the fracture surfaces at LNT of the virgin
specimen as shown in the previous study [7].

Other observations of carbides and annihilation of
cavities during the solution heat treatment were con-
ducted by the metallographic sectioning technique. The
results are shown in Fig. 4 which indicates the same re-

sults as in Fig. 3. A creep-fatigue test at 60Qvith Ae;

@ Oof £1.0% and 10 minute tensile hold was interrupted

l-;-nn at 2/3\r and the specimen was cut along the loading
42‘. axis and then one part of the specimen was observed
Figure 3 SEM micrographs showing surfaces fractured by impact by SEM. The other part Of. the specimen was solution
at LNT after creep-fatigue test (316S.S., 600 As —+2.0%, (reated at 105@C for 30 minutes and the cut surface
th =10 min, 2/ stop) (a) without heat treatment, (b) after solution Was then observed by SEM. As previously mentioned,
treatment (1050C, 30 min), (c) after ageing (76@, 50 hrs). cavities have been formed at the carbides existing along

the grain boundary after 2K8, under creep-fatigue in-
teraction as shown in Fig. 4a. After solution treatment,

under the same condition. One of them was solutiorhowever, not only the carbides but also the cavities on
treated at 105@ for 30 minutes and then impact frac- most grain boundaries were annihilated as shown in
tured at LNT to see ifthere still are cavities and carbided~ig. 4b.
on the grain boundary. Fig. 3b shows the fracture sur- These two observations of cavity annihilation with
face of this specimen to indicate no evidence of eithedifferent techniques indicate that cavities formed dur-
cavities or carbides. The other was solution treated anthg creep-fatigue interaction can be annihilated by heat
then aged at 76@ for 50 hours to be also fractured at treatment, especially by the solution treatment. If this
LNT. Fig. 3c is the fractured micrograph for this spec-defect free specimen is tested again for creep-fatigue
imen aged for the re-precipitation of grain boundarydeformation, it has to have new cavity nucleation and
carbides. In this figure no indication of grain boundarygrowth again and that leads to the extension of the
cavities is found either and this fractography is verycreep-fatigue life of the specimen.
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Figure 5 Relationship between plastic strain range and the critical num-
ber of cycles for differenNstop-

To verify this idea, some more creep-fatigue tests
were conducted under three different strain ranges wit|
10 minute tensile hold time. The tests were stopped ¢
1/3Ng or 2/3Ng and solution treated and aged underks
the above mentioned conditions and then re-tested. TH
results of the creep-fatigue tests are plotted in Fig. 5 ir
terms of the plastic strain range with the critical number
of cycles (\¢). In the heat treatment cases, because ofigure 6 SEMmicrographs showing cavities on the grain boundary frac-
the slight change of mechanical properties during théured byimpactatLNT(316S.S., 600, At = +1.0%, t, = 10 min) (a)
heat treatment, the plastic strain range under the sanf¥" St°P: () 1/3r stop+ Solution treatment ageing+ Nerh Stop).
total strain range test was also changed. Therefore, the

average values of plastic strain rangesf) obtained cavitation damage [2—4]. Fig. 6, which is the fracto-

:0”; Ehe ttest before heat trfzak'[me;a&()o) alndlthat iﬁﬁr graph observed by SEM after impact fractured at LNT,
eat treatmentepn) were taken for analysis and then shows the grain boundary cavities formed during creep-

calculated as follows; fatigue tests. Fig. 6a is the result of the specimen which
was subjected to creep-fatigue interaction test at600
Ap — Dépo X Nstop | Aéph X Nern g) With Ag of £1.0% and 10 minute tensile hold up
Nstop+ Nerh  Nstop+ Nerh to the critical number of cyclesN, = 1330 cycles).

Fig. 6b is the fractograph of the specimen tested un-

The creep-fatigue lives of the specimens tested uneler the same condition up to the new critical number
der various conditions were found to be extended withof cycles (Nen = 1180 cycles) after stopping the test
the heat treatment as shown in Fig. 5. Considering that 1/3Nc;, of previous loading (450 cycles) followed by
results of SEM observations in Fig. 3 and 4, it can beheat treatment for cavity annihilation. It can be found in
concluded that the extension of creep-fatigue lives igig. 5 that the interrupted and heat treated specimen has
owing to the annihilation of cavities by solution treat- smaller cavitated area than the specimen loaded up to
ment. It can be also understood that the creep-fatiguél., without heat treatment even though the former one
lives of the specimens interrupted at Ri3is extended was tested for a longer time. This result may also indi-
longer compared with those interrupted atN{3 The  cate that cavities were annihilated during heat treatment
specimen tested up to at Mg is expected to be more andthenformed again during the creep-fatigue loading.
damaged than that of 108, because the former oneis  Even though the cavities formed during the creep-
subjected to creep-fatigue loading for more cycles thaffiatigue test are removed by the solution heat treatment,
the latter one before stopping the test. Therefore, fothe damages in the materials seem not to be fully re-
the specimen interrupted at 24§, more damage (cav- moved. If the test was interruptedds,,pand the dam-
ities) is recovered by the heat treatment and this causezhe of specimen was completely recovered with the heat
further life extension. treatment, the total creep-fatigue lives after re-testing

As previously mentioned, when the austenitic stain-had to be extended with the value N§;, because the
less steel was tested under creep- fatigue interactiocreep-fatigue life after the interruption should be the
condition, the material would fail due to the accu- value ofN¢; whichis the life without interruption. These
mulation of a critical amount of the grain boundary expected fatigue lives of the tests interrupted at\Ni{3
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and 2/ are shown in Fig. 5 as a dashed line and a
solid line, respectively. Comparing these tested and ex
pected lives, one may see that the tested creep-fatigu
lives in this study were extended much less than the
expected values considering the complete recovery a
shown in Fig. 5. Therefore, this result indicates that the
tested materials were not recovered completely with the
heat treatment condition conducted in this study.

Fig. 6 is another proof of the imperfect recovery.
The cavitated area of the heat treated specimen (se
Fig. 6b) is smaller than that of the specimen tested uf
to N¢r (see Fig. 6a). This indicates that the interrupted
and heat treated specimen was broken before it becarr
enough damage at grain boundary caused by cavitatior
It means that not only cavities but also other damages
which could not be removed during the heat treatment
were also introduced to the specimen during the creep (b)
fatigue test. (This extra damage may be surface crack
and their effect will be discussed in further publica-
tions.)

(a)

3.2. Enhancement of life extension .
As previously mentioned, cavities in austenitic stainlessges
steels are nucleated at carbides on the grain boundarie
where high tensile stress concentration can be devel&
oped during creep-fatigue tests. According to the re-
sults of Choiet al. [3], the cavity nucleation factor, &&= =
P’, is proven to be the materials constant indicating -1 2 & S8

the number of cavities formed on grain boundaries dur-i ure 7 SEM micrographs showing the grain boundary carbide and
In.g creep-fatlgue test. .lt is known to be .Closely I.FeIated:::agvity distribution a?terpdifferent hgtlaat trgatments (31()515.8.,"600
with the. denSIt_y of grain boundary C_arbldes which aCtAe, =+1.0%, t, =10 min, 2/ stop, solution treatment at 1050,

as dominant sites for cavity nucleation. They reportedso h) (a) aged at 76€ for 50 h, (b) aged at 84C for 40 h.

that the creep-fatigue life is increased with decreasing

P’ value which is caused by lowering the density of the ) ] ] ]
grain boundary carbides. In this study, the carbides werkained from the relationship between the plastic strain
resolved with annihilation of cavities and then reformedrange and the value d?. This was calculated from
on the grain boundary again during ageing after théhe res.ultsl Of Creep—fatlgue tests and_EquatIOl‘l 3 as
solution treatment. Considering the re-precipitation ofsShown in Fig. 8. Values oP’ for the specimen aged at
carbides during the ageing treatment, it can be consid-

ered that the creep-fatigue life after the heat treatment — T
can be increased by controlling the density of grain | 3168.S.
boundary carbides using a special ageing condition. In 600°C

other words, if the density of grain boundary carbides
becomes a lower value, the extension of creep-fatigue
life can be achieved.

To obtain the different carbide distributions, two fol-
lowing different ageing conditions were conducted af-
ter solution treatment at 1050 for 30 minutes with
the specimens which were creep-fatigue tested up to
the 2/3 of their creep-fatigue lives: 780 for 50 hours
and 840C for 40 hours. Fig. 7a and Fig. 7b show the

jo2| 10 min tensile hold time

P'=6.059x 10"°m? ]

o
P'=3.878x 10"’m™

carbide distribution on the grain boundary after ageing 10" g * ST : 1050°C, 30min ;
at 760 C for 50 hours and at 84Q for 40 hours, respec- I O 213N, stop+ST+aging(760°C, 50h)
tively. The linear densities of carbides were measured L O 2/3N, stop+ST+aging(840°C, 40h)

with an image analyzer. They are of 9.3440°/m in

case of the specimen aged at 76(@see Fig. 7a) and of =

4.253x 10°/m for that aged at 84C (see Fig. 7b). It Plasti;?strain Range, ¢

is found that the higher is the ageing temperature, the e

IOWEI: is the ca_rblde densny._ . Figure 8 The value of the cavity nucleation factdt;, of the specimens
Using Equation 5, the cavity nucleation factors of thewith different ageing calculated from the relation between the value of

specimens with different ageing treatments were ob+# with the plastic strain range.
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Figure 9 Relationship between plastic strain range and the critical num-

ber of cycles for different ageing conditions.

840°C and that aged at 760 are 3878 x 10*?m~2and

2) The life extension can be maximized with control-
ling the density of grain boundary carbides by changing
the ageing condition followed by solution treatment.
Higher ageing temperature gives longer creep-fatigue
life after cavity annihilation because of related lower
density of grain boundary carbides.

3) Inthe creep-fatigue life prediction model, the cav-
ity nucleation factorP”’, is verified again to be closely
related to the density of grain boundary carbides. This
result is very useful in controlling the life of austenitic
stainless steel under creep-fatigue interaction condi-
tion.
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