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ABSTRACT

Near-threshold fatigue crack growth behaviour is investigated

for four stainless steels of ferritic 17Cr, martensitic 12Cr,

and austenitic 18Cr-8Ni and 25Cr-20Ni in laboratory and dry air
at room temperature. The stainless steels are free from oxide-
induced closure because large amount of chromium in the stainless
steels assures formation of the passive film on the fracture sur-
face and thus, prevents oxide thickening within the crack. In
laboratory air, therefore, AKth-values for stainless steels are
lower when compared with those for carbon or low alloy steels
with similar strength levels. Dry air does not influence the
near-threshold crack growth behaviors for stainless steels, while
it eliminates the excess oxide debris from fracture surface of
carbon or low alloy steels and reduces their AKtp-values to the
level of stainless steels. In austenitic stainless steels,
furthermore, AK{p- values are significantly reduced and fracture
surfaces near AK¢p are markedly crystallographic at lower load
ratios, compared to ferritic and martensitic stainless steels.
Such phenomena are related to strain-induced martensitic
transformation peculiar to the austenitic stainless steel.
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INTRODUCTION

Near-threshold fatigue crack growth behavior has been found to

be influenced by oxide-induced closure in addition to plasticity-

induced closure (Stewart,1980; Suresh and others,1980). At lower

load ratios, the threshold stress intensity, AKth, is considerably
higher in laboratory air than in dry inert gas atmospheres such
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as hydrogen and helium. In laboratory air, which contains water
vapor, oxide debris is generated and thickened within the crack
by fretting oxide mechanisns resulting from plasticity-induced
closure. This oxide debris raises crack closure level and thus
reduces the effective AK. At higher load ratios where there is no
plasticity-induced closure, AKthp 1is independent of atmospheres.

In this study, the near-threshold fatigue crack growth behavior
is examined for different stainless steels of type ferritic
17Cr, martensitic 12Cr, and¢ austenitic 18Cr-8Ni and 25Cr-20Ni in
laboratory and dry air at room temperature. The determination
of AKtp for these stainless steels is of practical importance
because they are often usec for critical components of machines
and structures. The stainless steels which contain large amount
of chromium are expected te be free from oxide-induced closure
since the fracture surface would be covered by a thin passive

film and thus excess oxide debris would be prevented. In
addition, the austenitic stainless steels exhibit the inherent
strain-induced martensitic transformation. This microstructual

change should affect the near-threshold crack growth behavior,

EXPERIMENTAL PROCEDURES

The materials used were four stainless steels; ferritic SUS430
(17Cr), martensitic SUS403 (12Cr), and austenitic SUS304 (18Cr-
8Ni) and SUH310 (25Cr-20Ni]. Their chemical compositions,

mechanical properties and heat treatment conditions are listed

Table 1 C S, My P S Cy N, c, M
SUSL30 10.07 0.4€ 2.60 0.026 0.005 0.23 16.75 3J.03
sus394 |0.06 2,53 1.11 0.033 0.010 - J.04 18.23 -
SUH310 |0.13 1.00 1.35 0.025 0.009 0.11 20,01 24.30 3.26
SUs4d3 |0.14 0.31 0.66 0,025 0.008 03.03 0.16 11.73 0.15
s25¢  |0.26 0.25 0.51 9.018 0.024 0,01 0.01 2.02 -
sMSOB [0.15 0,37 1.36 0.020 0.805 0.01 J.03 0.02 0.391
A553  [0.06 0.17 0.54 0.005 0.006 - 9,10 - =
sysc |o.43 0.2 9.83 0.017 0.016 0.01 0.01 0.12 -
HT80 |0.12 0.2 0.96 0.010 0.004 0,19 1.05 0.45 0.31
SNCMu39l0.40 0.25 0.63 0.029 0.020 0.13 1.68 0.68 0.18

9 g ’ MEEEGET #® * Symbo

Table 2 I?-l)ll';ij (M) {(2) :lr\\(ture Heat trvnlmcnt‘* TTTTLT:—\\-J
SUS439 303 | 4 | 4o F 315°C A @) )
SUS304 335 | 63 | 60 A 1050°C ST ) =
SUH310 271 | 613 | 45 A 1050°C ST > -

7007 | 574 | 73 | 24 M 975°C Q anp 700°C T| & -
SUSHO3ggT | 629 | 73 | 22 M 975°C 0 anp 500°C T| ¥ A4
$25C 362 | 1 | 37| F/P 8U5°C A @ 1)
SM508 372 | 530 | 25 F/P AS HOT ROLLED - <
553 698 | 75 | 37 | MWA 575°C T = i ]
S45C 623 | 74 | 22 M 845°C 0 anp 600°C T| A A
HT80 78y | @3 | 12 M 570°C T v ¥
SNCM433  |1060 160 | 18 M 845°C 0 anp 600°C T| p -~

# F Ferrite, A Austenite ,M.Tempered Martensite, P Pearlite
#*¥ A Annealed, ST Solution treated, Q Quenched , T Tempered
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in Tables 1 and 2. 403 steel was quenched and tempered at either
600 or 700°C to obtain different strength levels. In the )
stainless steels, a strong passive film is generally formed on the
fracture surface in air when the amount of chromium reaches
around 13 percent. In order to compare with fatigue behavior

of stainless steels, low alloy steels SM50B, AS553, HT80 and
SNCM439, and carbon steels S25C and S45C containing small amounts
of chromium were also investigated in this study. The strength
levels and microstructures of 430 and 403 stainless steels are
similar to those of S25C or SM50B and S45C steels, respectively,
while such similarities are not realized for 304 and 310
austenitic stainless steels. A553 steel contains 30 percent of
austenite and its strength level is much higher than those
of austenitic stainless steels.

Fatigue crack propagation experiments were.performed with small
compact specimens of 25mm width and Smm_th1cknes§ at room
temperature in laboratory and dry air with relative humidity of
30 to 80% and of 0.0003%, respectively. Testing was caryled out
on a S50kN vibrophore electromagnetic resonance type machine
operating at 160Hz. A special device was employed to compensate
the change of specimen compliance during the test and to obtain
a small load suitable for the small compact speclmen. AKth—

values were determined at load ratios, R = Ppin/Pmax, of 0.1, 0.5
and 0.9. AK was automatically decreased under combined modes of
applied load and backface strain of the compact speclmen. In the

determination of AKth at R = 0.9, the load ratio varied from
0.6 to 0.9 because the minimum load was kept constant and the
maximum load decreased. The detailed procedures have been
described elsewhere (Nishijima and others,1983) .

Fracture surfaces were observed by a scanning electron microscope
especially to characterize the oxidation appearance and
fractrographic aspect near AKth. The thickness of oxide layer

on fracture surface was evaluated by Auger spectroscopy.

EXPERIMENTAL RESULTS

Fig. 1 shows da/dN vs AK curves and Fig. 2 AKth VS R Telatlons
for the stainless steels in laboratory and dry air. fheAdata
for the carbon and low alloy steels are shown together with some
published data (Ohta and others,1977) in the two figures for R
comparison. The symbols used in Fig. 2 are defined in Table 2.
These results could be summarized as in the following.

(1) In comparison of 430 stainless steel with.SZSC or SM50B
steels, AKip-values were lower in the stainless steel at
lower load ratios of 0.1 and 0.5, but are the same for both
types of steels at higher load ratio.of 0.9 %n laborg;ory
air (Fig. 2a). Reflecting the behavior of A4Kth, at high load
ratio the fatigue crack growth curves were 1dent1cal‘for the
two types of steels, and at low load ratio the growtn rates
were higher in the stainless steel (Fig. 1a). In dry air,
where the excess oxide debris is expected to be prevented,
the growth rates for the carbon and low alloy steels were
accelerated at low load ratio and their AKth—values were
equal to those for the stainless steel, while the stainless
steel was independent of the environment (Figs. 1b and 2a) .
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the growth curves and AK¢p-
steel tempered at
HT80 and SNCM439

304 and 310 stainless environment. In laboratory air,
values at R = 0.1 to 0.9 for 403 stainless

1564

(2) Comparable rTesults are obtained for
However, AKtp-values for

steels with A553 steel (Fig. 2b).
304 and 310 stainless steels were much lower than those for 700°C were coincident with those for S45C,
430 stainless steel at lower load ratios, and thus steels (Figs. 1d and 2c). oHowever, AKth-values of 403 )
less steel tempered at 600°C decreased at lower load ratios.
th was a little higher than

practically independent of the load ratio. This is due to
the fact that the fatigue crack growth curves for 304 and Nevertheless, the tensile streng
= 0.1 abruptly shifted to the lower in the same steel tempered at 700 )
SNCM439 steel. Dry air test caused a further decrease 1n
C. These are

310 stainless steels at R =
AK level at da/dN < 5x10~°m/cycle (Fig. 2c). Note that 304
AK of 403 stainless steel tempered at 600 .

s steel hardly contalns

and 310 steels are austenitic and 430 steel ferritic,
although these three steels have the same strength levels. dughto the fact that the 403 stainles t
a critical chromium content of 13% to form a stable, thin
whereas the

Cc and much lower than in

(3) Near-threshold fatigue crack growth behaviors for martensitic
403 stainless steel were dependent on the stren th level and assive film on the fracture surface in air,
: p h 430, 304 d 310 stainl teels contain more than 18%
T T T T other > an stainless ste 4 _
107 2 - g| SUS430 and are assured of being free from the excess oxide formation
Ny | e 71 (Table 1).
N = Steal Pk Fig. 3 shows macrographs of fracture surface at R = 0.1. In the
" R=06-09| L fepEeeo | 4 carbon and low alloy steels such as SM50B, the dark band which
10 f : >16° ] Ny have resulted from the fretting oxidation process was found
L ] ) S ,§7f
7 1 = Al "
= D/7 = / 7’m [ » _SUse30 ( ferntic) SUS304 and SUH310 (austenitic)
S o / 1 10 Lab and dry air 10r ; O
E i ’ © | .{F o vt o ! 7[SUS304] 617
s 4 i | i 0. (. “t M |AS553 775 +
3 ‘, A Fa gy SMSO0B and S25C [ #SM50A | 569 | st
8 | R > I i \ & ‘r\\\ / (1] Other symbols are NA {1} Other symbols ore
I ol o1 R=09 | 1 > ° ~ I/ detined in Table 2 N setined . Tebie 2,
i N 1 | - S = i ~—E Haf A553 (2) Open and Solid symbols:
6 ! L ~ 05 | 16 i ! S B J\”*" o 3 S~ (2) Open and Sol\Ld symbol s: S <. i b sarr
| a " b air. S >
F: ol 06~09 L | + | % 6 & (3 Halt-Soud symb:-ls'. a 6 " (3) Halt- solid symbols :
r | B | Dashed cur ves — > S in dry arr = (. n dry i,
! Dashed curves, | SMSOB i Lab air £ - S s "
| | SMs08 | | | < o NN = “S.._ SUS304 and SUH310
e | h s J 162 L » | <4t . S P<IVAS o i -
10 5 5 G 24 2 5 10 20 59 & o g o R J=f
5 s - -~ _dn
AK (MPam ™ ) (a) LK (MPany?) (b) SURe —>— B T
— . : ] — . 2r 2t S
- SUS 306 0° SUS 403 7007
Labair ] Labair b " s L f n s
F 160Hz o 1 F 160H2 &LC | 06 'O% = 10 0 6 : A 65 etk 10
4 Q. Prahe ) ’ - :
R=06-09 b é ?f&,/‘ﬂ R=Pmin/ Pmax (a) R =Pmin/ Pmax (b )
c
16" 1 s 1G° R:OG-OQ-»}%&“—H '
» a4 ] P! SUSL03 (martensitic)
_ o7 ," 2 \ /L" ’ 101 Lab. and dry air op
g y. /‘- = & 1o 160HZ Steel | ey |Ref
9 197 o Q2 L e [alSmsea] 667 [+ |
L o {2 il L L : ; L. (1) Other symbols are
g0 ip g —T ~8x -
L N | L 8 i ] ~ ~. (2) Open and Solid symbols
S ';7 [ S Il £ N L vt i
s} I ) R S Iy 1O R o a5 (3) Halt- solid symbols
© AL ! ol o1 © T i ol o1 a 6r Mg in dry-air :
10" LT : ~| 05 16" . NEEE 2 |~ Taow Fig. 2. AKgp vs R relations.
1T & —] % =) U i S
1 < oy Sa—SUSLO3 700T and SL5C a) SUS430
| | oloe-0s] | - olo6-09] | £, e Ty, mteor Ebg SUS304 and SUH310
| Dashed curves T Dashed curves < 7\ S 29 s
‘ s Q150 I . and (c) SUS403.
S Y
10" 2 = 5 1 10 2 5 2} SR "“M{”_ + ; after Ohta and
o 20 10 20 SUSLO3 60OT. HTBO and SNCMA39 others (1977) .
AK (MPa.m ) e) AK (MPam ) (d) indry air
O 1 1 L A 1 1 1 1 | 1
Fig. 1. da/dN vs AK curves. (a) and (b) SUS430 in laboratory and g a5 10
R = Pmin/ Pmax (C)

dry air. (c) and (d) SUS304 and SUS403 in laboratory air.
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on the near-threshold region in laboratory air, while such a-‘band
was not observed in dry air (Figs. 3f § 3g). 1In 430, 304 and

310 stainless steels, the dark band was not produced even in
laboratory air (Figs. 3a § 3b). 1In 403 stainless steel whose
AKtph-values were dependent on the strength level and environment,
a narrow dark band was formed for materials tempered both at

600 and 700°C in laboratory air (Figs. 3c § 3d). The crack front
was nearly straight.in tempering at 600°C, whereas the crack
tunneled ahead in the interior of the specimen in tempering at
700°C. Furthermore, dry air completely eliminated the dark band
from the fracture surface of 403 stainless steel tempered at
600°C (Fig. 3e). At R = 0.9 where there is no plasticity-induced
closure, the dark band did not appear for all the materials.

Scanning electron micrographs near AK¢p at R = 0.1 reveal that
in SM50B steel the fine-scale transgranular mode was clearly
recognized in dry air, while the photograph in laboratory air
was not sharp because of excess oxide debris (Figs. 3c & 3d).
The oxide debris was not observed in 430 and 304 stainless
steels (Figs. 3a & 3b). In addition, the fracture surface for
austenitic 304 stainless steel, where the river-like lines
appear to change their directions from grain to grain, was more
crystallographic than those for ferritic 430 and SM50B steels.
At R = 0.9, all the materials including the austenitic stainless
steels exhibited the fine-scale transgranular mode aspect.

Laboratory air ,1\~ Dry air—————{#

Propagation
direction
N
RIS

SuUS43

RS A

o

(e) SUS403 600T

(d) suS403 600T
(f) SM50B (g) SM50B
Fig. 3. Macrographs of fracture surfaces at R = 0.1

(a) and (b) SUS430 and SUS304 in laboratory air.

(c) and (d) SUS403 tempered at 700 and 600°C in laboratory
air and (e) SUS403 tempered at 600°C in dry air.

(f) and (g) SM50B in laboratory and dry air.
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The thickness of oxide layer was evaluated by Auger spectroscopy.

ig. shows two examples of Auger electron energy spectra for
3%% siainless steel ag R = 0.1 %n laboratory air. The iron Pgak
4t 45eV electron energy is influenced by the existence of oxide.
That is, the peak is duplex after 2 secopds of argon sputterﬁn%
where a great amount of oxide still remains (upper QU?VG),del €
a2 neat peek is observed when the oxide is mostly eliminate {
120 second sputtering (lower curve). The range of oxygen'pﬁa
which is in proportion to the amount of oxide decreased Wlt,
increasing sputter time. In Fig. 6 are shown the variations
of oxygen peak range against sputter time for 430 stainless

steel and SM50B steel in laboratory air. The oxygen range was
normalized by the iron peak range at 704eV. The sputter t}med
was calibrated using a known thickness of iron layer depos}ti

by vacuum evaporation on a nickel plate. The 1TOP layer with
0.18um thickness was almost removed by 1800 seconas of sputtering.
The scale for the depth from fracture surface on the upper .
horizontal axis of the figure was obtained from FhlS calibration.
Fig. 6 suggests that in SMS50B steel the oxide thickness geSTOQ )
AKth 1s of the oder of 0.1uym at R = 0.1 and 0.01um at R = U. in
laboratory air. In 430 stainless steel, the oxide film 1s very

thin even at R =~ 0.1 and its thickness is almost the same as
that for SM50B steel at R = 0.9.

e’

i

(b) SUS304, Lab.

f

N R

(c)SM50B, Lab. air (d) SM50B, Dry air

Fig. 4. Scanning electron micrographs at R = 0.1. i
(a) and (b) SUS430 and SUS304 in laboratory air.
(c) and (d) SM50B in laboratoTry and dry air.
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DISCUSSION

The concept of oxide-induced closure is useful to explain near-
threshold fatigue crack growth behaviors in gaseous environments
such as air, hydrogen and argon. According to the results for
2.25Cr-1Mo steel with the tensile strength of 610MPa by Suresh
and others (1980), AKtp-values at R = 0.05 were 7.7MPa-v/m in
moist air and 5.2MPa-vm in dry inert hydrogen. At R = 0.75 where
is no plasticity-induced closure AKth was almost identical in
both atmospheres (~3.3MPa-vm). The Auger spectroscopic analysis
showed that the oxide thickness at AKth was of the order of

0.3um in air at R = 0.05 and less than 0.1um in hydrogen. At

R = 0.75 the thicknesses in both atmospheres were smaller by an
order of magnitude. Considering the results in this study with
the results by Suresh and others (1980), it is concluded that the
stainless steels 430, 304 and 310 containing more than 13%Cr
could be free from oxide-induced closure even in moist laboratory
air since the thin passive film coats the fracture surface and
thus prevents excess oxide debris.

In Fig. 7 are summarized AKtp-values at R = 0.1 and 0.9 as a
function of the tensile strength. AKtp-values for carbon and
low alloy steels in laboratory air decreased with increasing in
the strength level at R = 0.1 where both the oxide- and plasti-
city-induced closures are dominant, while the dependence on the
strength level was reduced at R = 0.9 where there is no closure.
On the other hand, AKtp-values for stainless steels and those
for carbon and low alloy steels in dry air did not exhibit the
strong dependence on the strength level even at R = 0.1 when
only the plasticity-induced closure is dominant. These results
suggest that the dependence of AKth on the strength level would
be governed by the oxide-induced closure. In other words, the
oxide-induced closure decreases with increases in the strength
level, whereas the plasticity-induced closure is less-sensitive

l ey ‘ Depth from fracture surface(um )
S|eree g, e 0 a1 02 03
© | S . 2,1 SUS430 & SMS0B
é ULKJ)“' Vi ' i S I Primary beam energy; |
=2 Sl IS B E = Lab.air EP=3keV
= l 2 I
@ rFe fFe - T30 B
< HE : | £
S | sputtering 120s T )| & SUS430
g ! = T I 2F /SMSO 4 R=01 /SMSOB 1
£ ] == =7 /%88,
s S ) H e .U T z |5/ / //’
t 1 : : B e R : V‘I;‘/', ~// / 1
11—~ SUS430 - g T L '
Llal | Lab.air e -
0 2 4 0 e U e —J
00 00 600 800 1000 o 1000 2000 3000
Electron energy (eV ) Sputtering time (s)
Fig. 5. Auger electron energy Fig. 6. Evaluation of oxide

thickness for SUS430

spectra for SUS430
and SMS50B steels.

steel at R = 0.1.
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to the strength level. The latter phenomenon is compatible with
the fact that the fatigue crack growth rate 1s independent of the
mechanical properties such as yield and tensile gtrengths at the
mid-range of growth rates, where the plast1c;ty—}nduced closure
is dominant. The former phenomenon about ox1de—1ndpced closure
might be in connection with the fact that the fretting wear 1S
reduced with the increase in the hardness of materials.

SUS304 '
ng,Hcir
1 z
10°
- Lab. and dry air. f=160Hz —
10 Symbols are defined Table 2 and Fig 2 % fec
S5t
—~8t R=01, Plastic and oxide induced closure E R
o —~
[0}
S 6l ©,5%
= 3o R=01, Plastic-induced closure R=01
é > v >
<4} v
R=09, No closure N
x ot
f/
lﬁFeI’!’th_% _|‘= Martensitic 4\1
0 A:Jsbenmc i ) 1017 - N
400 600 800 1000 1200 10 20 50
i Ko MPa.mt)
Tensile strength, gg (MPa) frige g
Fig. 7. Dependence of AK¢p Fig. 8. da/dN vs Kpax curves

on tensile strength. for SUS304 steel.

Figs. 1 and 2 furthermore suggest that near-threshold fatigue
crack growth behavior for austenitic stainless stee}s‘mlght be
affected by a mechanism other than oxide- and plast1c1ty—1nquced
closures. That is, the growth curves at R = 0.1 abruptly shifted
to the lower AK-level below the critical growth rate and thus
AK¢p-values were almost independent on load ratio in austenitic
stainless steels. The closure measurement by elastic compliance
method, however, revealed that the austenitic stainless steels
exhibited an apparent crack closure at R = 0.1, while there was
no closure at R = 0.9, being analogous to the other steels. It
is matural to correlate such phenomena of austenitic stainless
steels with the strain-induced martensitic transformation. This
transformation is inherent to the austenitic stainless steel,

and results in two effects on the zone ahead of crack Fip; the
change in the lattice of the material from fcc (austenite) to )
bcc (martensite) and the formation of excess residual compressive
stress due to the cubical expansion.

Fig. 8 shows da/dN vs Kma curves for 304 stainless steel and
A553 tempered-martensitic steel at R = 0.1 and R = 0.9. )

It appears that the martensitic transformation might be strongly
occured on 304 steel when Kpax becomes larger than 9.§MPa-/m.
The growth rate curves for 304 steel was coincident with those

for A553 steel at this range of Kpax, although the excess
residual compressive stress could e’produce in the plastic zone
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ahead of the crack tip for 304 steel. At Kpagx < 9.3MPa-vm, the
growth rate was accelerated on 304 steel as compared with A553
steel. 1In addition, the fracture surface was more
crystallographic in 304 steel than 430 or SM50B steel near AK+th
at R =~ 0.1, where the microstructure ahead of crack tip for 304
steel could be predominantly austenitic (fcc). The crystal-
lographic fracture mode is also formed near AKth region on
various fcc materials such as aluminium alloy (Kirby and Beevers,
1979), copper (Stanzl and Tschegg,1980) and nickel alloy (Vincent
and Remy,1981). AKth-values at R = 0 are between 2.6 and 3.3
MPa-y/m for aluminium alloys (Kirby and Beevers,1979; Pook,1972)
and 2.5MPa-v/m for copper (Stanzl and Tschegg,1980), which are
almost the same as those for the austenitic stainless steels
(Fig. 2b). These results imply that near-threshold fatigue crack
growth behavior for the austenitic stainless steels would be
related to the change of microstructure rather than the formation
of excess residual compressive stress ahead of the crack tip.
Furthermore, the nickel alloys exhibit a higher AKth-values of
about 7MPa.y/m at R = 0 (Pook,1972), nevertheless their Young’s
modulus is almost equal to that for the steel. In general, the
crystallographic fracture mode increases the roughness of fracture
surface and results in the increase of crack closure level. The
nickel alloy particularly has a tendency to produce large planer
intergranular facets (Vincent and Remy,1981). This factor may
also be taken into account for the above discussion.

SUMMARY AND CONCLUSION

Near-threshold fatigue crack growth behaviour has been examined
for various stainless steels in air at room temperature. In moist
laboratory air AKg¢p-values for stainless steels were lower than
those for carbon or low alloy steels, whereas in dry air AKth-
values were identical for both types of steels. Such behaviour

is a result of the fact that the effect of oxide-induced
closure on AKth was negligible in stainless steels since the
passive film coated the fracture surface and thus prevented the
excess oxide debris. Furthermore, the austenitic stainless

steels showed a lower AKth-level and more crystallograpic fracture
mode than the ferritic and martensitic stainless steels at

R =~ 0.1. Such phenomena were expected to be connected with the
strain-induced martensitic transformation.
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