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INFLUENCE OF ELEVATED TEMPERATURE ON FRACTURE BEHAVIOR
OF STAINLESS STEEL
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ABSTRACT

Fracture mechanics approaches have been employed 1o study the fracture behavior of the exchanger tubes made of
austenitic  stainless sieel at elevaled temperatures in fertilizer plant. Test conditions range from ambient wo elevated
temperature, monotonic to cyclic loading and crecp. Experimental work was curied om for creep, creep-fatigue
interaction and fatiguc at amhicnl and high wemperatures an nolched specimens. The lemperature (o5t was grouped
into Lhe range of homologous temperalure (T/T.} in the range of 0.177 (RT), 0.3, 0.40 and 0.50 of melting point
for AISI 316 suainless steel. Furthermore experimental work has been extended, by using anolher group of
specimens made of AlSI 304 aainlesc stee]l. Chemical composilion analysis and tensile lests were initially
performed 1o record the mechanical properties of both maicrials at room [emperalure

Parametric representation of crack growth rate in erms of independent variables in Region II of crack growth
curves has been proposed for creep, creep-fatgue interaction and fatigne of 316 stainless steel at pmbicnt and high
temperalure ralcs. To demonsirate the validity of the present approach, Lhe proposed equation has been used 10
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determine the fatigue crack growth rate versus the change in the siress-intensity-factor relationship for AISI 304
stainless steel,

Based on Lhis study, experimenial results as well as analytical results obtained by using the proposed equation for
AISI 316 and AIS] 304 stainless sicel were analyzed, and recommendations for applications are made, Thus in the
present study it has been attempted to obtain a simple criterion for aack growth behavior in AISI 316 stainless steel
under high (cmperatre creep, [atigue and creep-fatigue inleraclion conditlons.

KEY WORD5

Creep, fatigue; creep-fatigue inleraction, crack growth rate; siress intensity facior, homologous temperatures,
noiched specimen, austenitic stainless steel.

INTRODUCTION

Austenitic stainless sicels, used over a wide temperature mnge, are oflen employed in components, which are
loaded under severe conditions [1-4}. Microcracks can occur where stress concentrations exist at notches and
welds, Growth and linkape of these mictocracks result in the formation of a large crack whose propagation is
influenced by such effects as the load fQuctuations, cyclic loading, frequency, load waveform and thermal cycling
value etc. [3-7]. This phennmenon involves the growth of small defects inlo macro or micro cracks that grow umil
fracture toughness of the components maierial is exceeded and catastrophic failure occurs [8-10). In order to
predici component lives, a complete understanding is needed of the behaviar of material under crecp, fatigue and
creep-fatigue interaction [11-15].

The current study is concerned with crack growth of AISI 316 stainless steel subjected (o cyclic loading conditions
al high temperature since propagation is 1be dominant process of shorr life fatigue of structural component. It is
also concerned with proposition of an ewnpirical expression (o provide a simple criterion for crack growth behavior
under high temperature,

EMPIRICAL APPROACH

In comsideration of the contrelled load, loading have been represenied as shown in Fig 1(a), (b) and (c) for creep-
Iatigue inleraction, creep ang faligue respectively. Parametric representation of erack growth in Region II of crack
growth curve for cydic loading conditions al ambient and high iemperature ratios is proposed as given in the
following.

I-Representation of crack growth ratc in terms of independent variables is proposed for creep, crecp-latigue
interaction and Faligee al ambient and high tetoperatures, respectively. However, based on PARIS equaton [16],
the proposed cquation is expressed by the following empirical relationship:

da " S
E_A B, .ol AK; exp—[[fr] fmJ

dia - L] X
= Br 0T AK] exp- [[f{—r] -f,,,]

where A is the opening mode-suress inlensity facior, o, is the applied stress, m, 11, A and By all arc constants.

These constanis were estimaled by the best £t through the data obtained from the experimenial work performed
using the lest specimen made of type AISI JI6 seinless sieel, In eddition, 4w is 2 constant depending on the
faligue test number of cycle, and Jy is a constant which has been suggested 10 be related 10 the obtained tensile
mechanical propertics {Gap the 0.2% proof stress, G,y the tensile sirength and E the material modulus of elasticity
of the specimen material al room lemperature). However, By would be computed by using the following form:

By = (gog+ou)E

In the proposed equation (1), high temperature, holding time and stress rapture factors fy, fiy and fr have been
suggested by a function of the form:

(1}
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(@b} = TTad

Sl vt = 1. tn 2

Fef{ K Kig) = (1 (o/ap(ala; )]
where 8, is the initial crack length, 8¢ is the crack length at fracture, O; is the true stress al the start of Region IT,
O¢ is the applied stress af fracture, ty is holding tire, f, is fatigne frequency time per cycle and 777, is hamologous
temperature.
The interchanging {acior Ay, conlrols the relation between da/d¥ and da/dr as follows:

@_ 1 d
dN A4, di
Ap = NRJ

where R=N/¥, is the frequency reduction ratio, ¥, is the aumber of rotation per minute of driving motor shaft and
N, is the selected number of rotating per minute of cana eccentric shaft,

The stress intensity factor K; for round bars is expressed by [17] as follows:

K, =(ra)"’e. fﬁf] @

e (2) () (242
dC dE dt dC

Thus, in accomdance with the proposad equation (1), high temperature crack growth raw under creep, fatigne and
creep-fatigue interaction may be expressed by the following relationships:

A-For ereep
da - b/
Z = AA’I'. Bc‘ ac " ‘EKP— [[?‘:_] - f!ﬂ'] (])
B.= (OI*;E)
B-For creep-fatigne interaction
th - " )‘
v B, ol AKT .exp—[[}f-)—f,ﬂJ C))
Be = (@ stanE
C-For fatigue
da /i
—— =B, AK] .ex —[-L =Jin ®
o ov(f)-1]
By~ (00../E)

II-Represemation of the propagation life (number of cytles to failure for crack propagation) in region I can be
expressed as following.

1 2 1 |
Ny=————— | ————= (6}
/ A.Y".Ao"‘.(m—z a? o

whera N; is the number of cycles 10 faiture, Ag is the stress range and Y is the geometrical correction Eactor.
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EXPERIMENTAL WORK

Chemical composidon inspeciion and tensile test was initially performed 10 record the material chemical
composition and the mechanical properties of both AISI 316 as well as AISI 304 stainless sieel at room
lemperature. The specimens employed in fensile test were the ASTM standard 254 mm gage length.
Faligue specimens were then machined inio the shape and required dimension (AISI SS samples do=6.15mm,
dc=5.35mm. and le=1mm)} according to ASTM code as shown in Fig- 2. Chemical composition and Mechanical
properties at room temperature of this AISI 316 stainless steel is shown in Table 1 and Table 2 respectively.

TABLE |. Chemical Composition (wi %} of AISI 316 stainless steel.

Material C Ni Cr Mo Mn Si P 5
AISI 316 0.05 10,95 16.9 2.12 1.46 0.42 0.036 0.022
TABLE 2. Mechanical Properties for AISI 316 stainless steel at RT,
Yield Stress Tensile Swrength Elongalion % Reduction of Area Hardness Hv
MPa. MPa. Y
275 630 60 i 157

Tests of creep, creep-Latigue interaciion and fatigue at different iemperature levels, representing 0.177 (RT), 0.35,
0.40, 0.4% and 050 of melling point of the testcd material were performed under load conuol condition.
Experimental work has been extended, by using another group of specimens made of AISI 304 stainless steel. The
chemical composition and the mechanical properties at room lemperatwre of AISI 304 stainless steel are given in

Tables 3 and 4, respeciively.
TABLE 3. Chemical Composition (wi %) of AIST 304 slainless steel.

Material C Ni Cr Mo Mn Si P S
AIS]1 304 0.06 3.B5 18.12 0.11 1.12 0.58 0.028 0.006
TABLE 4. Mechanical Properties for AIST 304 stainiess steel at R T,
Yield Stress Tensile Suength Eloagalion % Reduction of Area Hardoess Hy
MPa. MPa. Yo
330 650 47 56 159

Experimentls were carried-oul using a specially designed mechanical apparatus equipped with a special cam system
and load control mechanism. Schemalic representation of the testing apparatus is shown in Fig. 3. Each end of the
specimen is screwed into the specimen holders The oplical technique is adapled to measurements o1 the tested
specimens, since the crack length can be estimated relative to the nolch opening displacement. Crack detection and
the measurément of noich opening displacement was made during running the testes by using @ microscope through
a peeping window with 100X magnification. A specially fabricated circular chamber provided with helical
resistance  heater was used to beal the specimen W Ihe required temperature. Specimen lemperatures were
continuously monilored with (herroocouple that was fixed lo the specimen in viciuity of (he specimen notch.
The load waves were contralled for creep, faligue and creep-fatigue interaction by adjusting the eccentric sirake.
Thus, by changing the holding Lme iy, the loading wave (Fig. la) which is the combination of the creep loading
wave (Fig. Ib) and the faligue loading wave (Fig. lc) can be oblained. Cyclic load is applied by means of a lever
and rotating cam system. The frequency of the fatigue-loading wave was 60 cpm, and the waveform was sinusoidal.
Crack initiation under loading condilions al Gy, = 189 MPa. The values of the applicd $iress Gy, corresponding
to (he maximum lensile stess were tanged between 130-2 10 MPa The FCG rates (da/dN) were detcrmined by
dividing each increment of crack extension by number of cycles producing that increment.

On all specimens, the circumfcrential notch was V-shaped with 30%angle. Afler notching the specimen with a
lathe tool, the noich root radius obained in the speximen was further reduced with a razor blade which were
mounted on (he tool post of the lathe throngh a specially fabricated fixture. The use of the razor biade produced
a very sharp netch lip radius, p = 0.05 mm.
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DISCUSSION

The most frequently used correlation berween FCG rate and (he stress intensity factor is the power low proposed by
Paris (1963) [16]:

da/dN = C AK"™
where C and m are materizl constants.

Paris equation predicts a linear relationship between log (da/dN) and log (AK), but it holds only for intermediate
FCG region under normal temperature condition.

Several investigations have been conducted (o study the effect of stress ratio (R=Koo/Kew) for variable loading at
normal lemperature condition on fatigue crack propagalion rate. Barsom, [18] has proposed the following form:

da/dN = A ( AK)™ W(1-R)
where Lhe siress ratio R > 0.

Solomon and Coffin (1973) [19] pointed-oul that, crack growth male was seem to increase with decrease in
frequency and tbey expressed Lhe following empirical relationship for elevaled temperature;

da/dN = C (AK)* *

where AK is the stress intensity factor range. [ is the frequency, C., @ and B are materizl constant, and y were
temperatute and material constants.

This type of relationship has been used by Yokobori and Salo (1976) [20] at room lemperature.
Based on Solomon equation, Plumtres and Schafer (1984) {21] have developed Lhe following expression:

da/dN = C (AK)" [* &
where & is Lthe ralio of leading 1o unloading tinses.

Based on another line of considerations, the presenl work proposcs a more general equation that takes inlog
consideration the cffecls of high ternperature rates, holding time and stress rapture factors fr. fiy and fr. However,
parametric representation of high temperature crack growth rate in terms of independent variables, such as K, gy,
temperature effect and some material constants have been suggested as given in equation (1). The values of m. »,
and By were suggesied in this work in accordance wilh creep, crecp-fatigue interaction and faligue loading
conditions for type AISI 116 stainless steel.

The present results show m= 1.1 for crep, m=| and n=3.21 for creep-faligue interaction and n=3.63 for fatigue
loading conditions respeclively to correl e for AISI 316 stainless steel al mom temperature. A line fit regression
was used to obdain Lhe best fit through the experimental data resulted from the tests that performed at ambient and
high temperature rates. The resulls given in Table 5. show Lhe best-fit representation of Lhe constants for exquations
}4and 5.

TABLE 5.Constants of equations 3,4 and 5 by besi-fit representation for type AISI 316 stainless steel.

Loading condition M N Bg f Oy
sec MPa
Creep equ, (3) 31 ] 1.15x107 ™ 130-210
Creep-fatigue 3
interaction equ.(4) \ 3.2t 4.525x10 &0 189
Fatigue equ. (5) 0 161 1.375x107 0 189

To salisfy Lhe physical reality (that unstable crack growth oocurs rapidly when Lhe operaling temperature approaches
a high temperature raics, the effective empirical factor fx, fin and f1 for equations 1,4 and 5, have been Laken into
accounl.

In consideration nf the possibility of creep, crecp-faligue interaction and fatigue ellect, on notched specimen at
different lemperature rate, Lests were conducted and resul(s are plotted as shown in Figures 4-12.
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The crack tip radius upon the specimens or componeni performance can be indicated by the fatigue ife for noiched
specimens as represented by the curves shown in Fig 4. 10°s evident thai the specimen having sharper crack tip is
the shorter fatigue life. Thus, the presence of notch, crack decreases (he material creep and fatigue resistance.

The curves shown in Fig, 5, indicate thai, al norrnal as well as elevaled iemperamre, the noiched specimen will
develop cracks. Further, when a erack hag grown at high temperature, the stress inlensity [actor K come closer the
crilical value K, and the crack accelernlzs more rapidly until the critical stress intensity factor K¢ is excepded and
final catastrophic [ilure ocors.

To demonstrate the validity of equations 3,4 and 5, the values of the m, n and By as given in table 5 for A1S] 316
stainless steel have been used 10 deermine the relationship of da/dN versus AK (see appendix-A).

The proposed equations 3,4 and § have been employed to develop a family of curves representing the relationship
between da/dN versus AK as shown in Figures 6-10 for AISI 316 swinless siee! under creep, crocp-fatigue
inleraction and fatigue loading conditions ambient and high lemperatore rates.

Analyzing the resulted turves shown in these figures indicate that, the reduction in fatigne life al elevated
temperature was mainly duc to lhe presence of cracks that grown at the tip of the potch rather than the creep-faligne
effects. In addition the time dependent deformation as with all deformaliom processes, is largely dependen upon
the chemical composition as well as {he mechanical properties of the material. Therefore, the development of alloys
with 2 high resistance lo creep-fatigue al elevated temperature involves producing a maierial in which movements
of dislocations only take place with difficulty. However 10 verifyy this statement it has been imtended 1o exend the
experimental work by using another group of speciinens raade of ATST 304 stainless siecl.

Comgparison of the resulls shown in Figs, 1land 12, indicate tha, there is an improvement in the creep-fatigue
metal resistance for the AISI 304 stainless steel at elevated temperature higher than ihat for AISI 316 stainless
steel. However, it's evidenl that this improvement in the crecp-fatigue resistance is attribuled to the addition of
elements whose atomic size and valence are largely different from basic material such as chromium. In addition, it
is recommended o increase lhe critical crack size at failure by using a material with a higher fracture toughness
stress such as AISI 304 siainless sicel (Kic valve is 117 MPa.+in for 304 and is 98 MPa.Ym for 316 stainless
steel).

Ultimately, it is clearly visible that material which is susceptible to crecp-fatigue effects at elevated temperatures
should only be subjected lo stresses which keep it in the secondary regioa of straight-line through its service kife.
CONCLUSIONS

Creep, ftigue and creep-ftigue interaction lests were performed at diffcrent temperature raies that are related to
the material melting point on AISI 316 stainless steel specimens machined with V-notches. In addition, the
experimental work has been extended, by using some specimens rade of AISI 304 stainless stee].

An empirical expression lo provide a simple criterion for crack growth behaviors under high lemperature ftom the
practical point of view has been developed.

1-An extensive program of creep, creep-fatigue interaction and [atigne lests haz been carried out on fype AISI
316 stainless steel over the homologous lemperature range 0.177-0.5.

2-A parametric representation forraula of high temperature crack growth rate in terms of independent variables
and some material constants Laken indo consideration the effects of high temperawre rates, holding time and
stress apture faciors has been proposed in this work.

3-A line fit regression was used to obiain the best fil through the experimental data, and evaluate (he effective
empirical factors

4-The developed equation successfully modeled the crack propagation rate versus stress-intensity-facior range
and 1 family of lemperature dependent curves have been derived under creep, creep-fatigue interaction and
fatigue loading conditions for type AISI 316 stainless steel over the homologous lemperamre range 0. 1770.5.

5-The derived curves arc expecied to be applicable to the AISI 316 staintess steel as well as AIS! 304 Slainlcss
steel. Therefore, proposed approach is believed to be simpler than those currently published in the available
litemtures.
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&Comparison between the analyzed results on type AISI 316 stainless steel and type AISI 304 stainless
indicated that the creep-faliguc-resisting alloy is Further strengthened by adied alloying elements such as
chromium, but (his limits the amount that may be added. Thus, the use of alloying elerents (hat raise the
creep-fatigue metal resistance al elevated temperature will be beneficial.
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Appendix-A

Parametric representation of crack growth rate for AISI 316 stainless stee
Based on PARIS equation }16}, the proposed exjuation is expressed by the foliows:
da "
-&-—A,,,E o AK] exp—([‘;‘) fm)

N Jr

da
E:Bﬁ.a:.ﬁx‘.‘ m{(?} f,,,}

To demonstrate the validity of equations (I}, thus the crack growth rate for AISI 716 siainless siee! specimens
{Go:% =275 MPa 0,630 MPa, E=2.x 10 MPa. and K,=98 MPa V., at room temperature) under creep, creep-
[atigue interaction and fatigue loading conditions at different teraperature ratio would be determined as follows:

A—Creep:

= (04./E) =3.15x10
A = N Ra = 1500 (1/25) =60 cpm.
where 4,7 is corresponding (o test freguency f (test number of cycles per minute).

=1/ =4 35107 iy = = Sec Fr= ttt) =

where the tomologous temperature facior fy is varying between .177 0 0.5 (298 to 842 K” in respect to AIS1 316
austenitic stainless sieel milting point of 1684 K°).

Substiting the values of 4 B, m. n, fx . fr and S into equation (3) gives

£'5'-=(c34l2uftf>0)n3.15><1t1r’. ol ex f ZE {{umis) (i)
dr fr
where p=3.1 and n=0
Aa «AK 1/(2a/d.). Vra.
Jx= Ky - KKy
={1- (o/o¥ia/ar))
B-Creep-Fatigue interaction:
Bs= (0 w0 VE = 4.525x107
1= 4.3x10% 11 =60 sec. Jra=7.14x307
Substituting the values of B ,fx , fr and fy, that correspond to the creep loading condition inle equation (4) gives
B o 4525x10° 0, A exp—([f ‘} S | (urmicycle) (i)
dN fr
where m=1 and n=3.21.
C-Fatigue:
By~ (0o m/Ey= 1.375x107
i1y %= O s, J=l
Substituting the values of B, /g , fr and f that correspond the creep loading condition into equation (5) gives:
da =1.375x1071 . AK)Y exp—[[?‘ ) ) (um/eycle) {iv)

where m=0 and r=3,63.
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Fig. 3. A schematic diagram for a typical creep-fatigue testing apparatus.
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Fig. 4. Effect of high temperature rates on the fatigue crack growth
as a function of number of cycles to failure, for 316 stainless steel.
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Fig. 5. Effect of crack tip radius on the normalized stress-. ntensity
factor at different temperature ratio, for 316 stainless steel.
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steel using the proposed equation {1).



M, 27 A. A, Fattah and E. Moukhtar

0.0001 ¢
F
[ 346 (T/Ta=0.%
k
I
L
0
0.00001 E(m"’“"
‘E ; 316 (RT)
g L
6000001 |
3
4
3
r
1 p = 0.05mm
15_0? [EWY FUTTR FRWTY Y Adda s sl ass s lanaalass o % by
8 8 10 12 14 16 1B 20 22 24

A MPami/2)

WSl 310 W 50 S ANE 118 2 T Tm=D. 40
A5 310w TTIrmD. 3 NS 398 o TTr=0_ 477
EEAT 504 s TTms0 SO FIAISE 304 w1 VT, 40
3 NS 304 o TTm=0.30 JhASl 304 1 TWTmz, 177

Fig. 11. Comparison of experimental crack growth rate vs. stress-intensity-factor
range for AISI 316 and AIST 304 (Experimental results).
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Fig. 12. Comparison of analytical crack growth rate vs. stress-intensity-facior range
for AIST 316 and AISI 304 using the proposed equation (1).



