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ALuTal

Fhe effects of the ghotepeening on the stress corrosion eracking {u0C)
of murtensitic and sustenitic stainless steels were investigated., I3
wag conclude that higher dislocation density and the comprosaive resi-
anal stresses in fne surface layer are btwo important factors which can
improve the resistasnce to 300 for siainless sieels, and the cleavage-
Like fraclure of austenitic stanless steel in the case of SCC exhibits,
in fact, a cleavage-like fracture of plasiic induced martensite,
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INTRODUCTION

The UCC is one of dmportant failure mode of mechanical parts and com-—
ponents. I has been shown that tensgile stvens and aggreszive saviro-—
ment to which the material is susceptible are Lun necessugy conditions
for producing BCC (Beully, 1975}, It is obvious that the residual
stresses {(Pavliichke, 1978; Hakagawa, 1979 ) and the microstructural
changes {Speidel, 1971} in the purface Jayer of materials exhibit a
pronounced influence on the properties of S0,

The surfuce atrain strengihening by means of shol peening is often used
to introduce compressive stresues into the surlace layer and %o change
the surface microstructure of the materials, from which the reuistance
to 30C could be improved {ABN, 19753 Liu Houn, IYT7). In the present
paper the relationship between the property of 30C and the surface
strengthening are investigated. The effects of boih residual stresses
snd the surface microstructure changes on the BCC behavior of stainlesas
steels are aloo discussed in detail.
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MATERIALS AND EXPERIMENTAL PROCEDURES

The chemlcal compositions and the mechanical properties of both
1Cr1BNA9Ti anatenitic (¥') and Cri7Ni2A martensitic (of’) stainlecs
steels uged are listed in Table 1. 'The stress corrosion specimens were
cui along rolling direction of the sheet, the size of which are
100x10x1%nm, 'The surface pittings were conducted by means of elecw
trochemical ebtching exposed in 0.,1% Nall solution, and the current
density is 67 mA/cmcz {10 min) at room temperature. The pitting depth
is about 0G.1-0.1% mm.
Table 1. Chegical compositiom and mechanioal

properties of two stalnleas stesls

Cnewlonl composition (% by welght)

i Mn 51 g P Cx N1 E Fe
$Cri8K19T4] 0.06 ]0.%4[0.7310.0610,02918.119.10]0.50 | bal
CriTHiIZA 1 0.14510,38(0.%010.41[0.33 [17.0]2.21) ~ bal

Mechaniceal properties

Material

Materia] | Tenaile strength | Yeld stresa Elopgation
Moo Mum~2 %

1Cr1BNL9TY 588 245 ~50

CriTNLZA 1176 915 78

The stress corosion tests are performed using three point bending.
The maximam bending stress of specimen is oulculated by following
formuras Gung
1
Ogax” 2

where ¢ is the deflection (,Pml.71~1.84 ma for § steel, @=3.50~3.75% mm
for o' , these values correspond to 0.8 yield stresus, s, of both
ateels); h is the specimen thickness; L is the span; © is modules of
elagtisity.

During the stress corresion tests, the P specimens are exposed in 5N
HpB04+0,5H NaCl solution, and the o specimens are discontinuously
exposed in 3% NaCl solutipn with the rotating speed of 2 cycles per
minute. ALl specimen surface are peened and the peened imtensity is
0,194 (mm}, using glass beats,

Eoth stress measurements and guantitative phase analysis are conducted
with 2903 type A-ray diffractomether, using Cr-Ky and Cr-Kg  radiation.
The observations of microstructure and fractographs are conducted on
transimssion eleotron microscope {(Jidi-2004) and seanning electron
microscope (JSH-3%) respectively.

EAPERIMENTAL RESULTS

(1) Surface residual stresuses

The amount and distribution of residual stresses, (Jr, existed in the
surface Jayer of specimens after machining are quite different, There-
fore the final surface stress at the center of specimen is, in fact, an
algebrale sun of residual and applied stresses. The data swmarized in
Table 2 illuztrate the changes in the surface stresses belore and after
loading for both stainless siteels.

144



After shot peening, the phase transformation from ¥ to o' is experinced
in the surface layer of P steel, having a much higher surface compreg
sive residual stresses. All date of O for both steels before and
after shot peening are shown in Fig.l and Fig.2.

Tahle 2 Sarface atressea before and after leading

[ - - .

'"Mfiv‘;até@r'l&l !Ilurfa(ze state] Loading condition vurf;;;_gtren,
bvafore withont leading #2094
shot-peening Toading (p=1.78) F430
ACr1ONLeTE | B anloading +2%%
; after without Jnadingwu g2
;fefsnt—«peenir:;t iiﬂ“‘f}m: (p=t.78) -48Y
ﬁn]oading -7 %4
before writheut loading o
shot-peening Loading 59“3-753 +B08
CriTRLZA unjoading “ B1
after #ithout leading ~706
ahot-peoning tording @’3“7” - 69
unloading ~774

(2) Lifetime of stress corrosion rupture

Mg,1 shows the effect of shot peening on the lifetime of siress corroe-
sion rupture (8CR), tr, for both smooth and pitting specimens of )
steel, lor investigating the effect of individual microstructure, the
peened spescimens subject again to tensile plasgtic deformation (strain
amount &=1%) so that the residual stressss could be reluaxed. The
experimental results of the lifetime of HSCR in the different surface
gstates for o steel are shown in Fig.2.

(3) Microstruoture in the surface layer

It is well Iknown that F-=olfphase transformation can be induced by plagw
tic deformation for metastable @ steels. The amount of transforming

ol is dependent on the degres of plastic deformation, which iz decreasm
ed gradually with the surface depth, as shown in Ffig.3. It is seen
from Fig.3 that the following tensile plastic deformation after peening
{E£=0,3, 0.7 and 6,4%) do not affect the amount of o . The micro-Vic-
kers hardness of the itransforming off phase and y phase are 460 and 275
repectively. Plg.4 shows the plasgtic induced o lath in the surface
strain layer, virgin austenite in the center as well as their electron
diffraction patterna,

According to Z-ray diffraction lines of o in the different depth from
the fracturs surface for § steol, it iz found that the o/ phase disap-
peares rapidly with the depth to about 1 gm. Thuz, the depth of exinp-
tence of transformed o’ phase is about 1 pm,  According to Z-ray phase
analysis, the amount of o' phase estimated in this depth would be more
than 90%. This result is consistant with that obtained from the eloow
tron diffraction method {Liw, 1980). The variations of half width, 4 ,
of (211) lines and {r with the depth for o steel are illustrated in
E‘ig.ﬁh
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(4) Plectrochemical property
The measurements of open potential, Vo, are summarized in Table 3,

(5) Morphology of fracture surface
The observationa on the sids smooth surface near the fracture surface
of unpeened apecimens for both steels indicate that a large number of
small cracks exizt on the gurface, ag shown in Fig.6. After shot peen-
ing, however, none of much small cracks was found at the same place.
Fig.T7 showsa the fractographs of Yoth smooth and peened specimens near
the corrosion crack initistion zone for I steel.

Table 3. Fffeet of microstruncture and atresses on the value Yo for

both atatinlesan steels

Toat Microstruoture in i;m&gé ;;;;?:; Yo
Material Loading sondition atreases
solation thoe asurfacs layer MNn 2 n¥
without leading ~83.3 ~335
SN Hy S04+ S toading L ne | e
FCriBNL9TL plastie indnssa | Whthout leading ~647 ~437
0.5 Kafl o-phase . londing ~706 wd 3%
o/ ~phasesrtanaile without loading +25 ~445
deformation leading +167 ~470
unde formed *ithont loading . 0 + B0
Cri7RIZA % Nall ol'wphase loading +67% + 30
plaatio deformed without lomding -~B82 + 160
o -phaae loading —441 c40 |
DISCUSSION

From the experimental results it is evident that the changes in the
3C€ behavior of both steels are obviously connected with the micro-
struoctures and residual stress field in the surface layer.

(1) Martensitic stainlesa steel (CrifNi2a)

The saddle-like mode of A& ourve, asg in FigsH, indicates that the
microatructure in the surface layer subjects to oyclic softening and
rehardening due to shot peening. As showing in the reference {Wang
ftenzhi, 1981}, in the oyolic rehardening layer the subgrains are refined
and dislocation density are increased dues to plastic deformation, resul-—
ting in the difficulty of dislocation metion during following SCC,.

It is shown from Fig.2 and Fig.% that compressive residual stress
field appears in the asurface layer, the amount of which is about 800
MEm~2 in the surface. Both microstructure and residual stresses have
strong influence on the electrochemical behavior. It is shown from
Table 3 that the ratio Vo/a0™ is 0.044~0.045 mV/MNm~2 for both smooth
and peened specimens, from which the valuass Vo of both specimens under
different surface stress conditions could be evaluated, as summarized
in Table 4. The data lead to obiain following conclusions: (a) under
zero surface stress, the valus Vo of deformed o phase is higher than
that of virgin o phass; (b) compressive stresses increase and tensile
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stresses decrease the value Vo. In any case the materials having a
higher Vo always appear to be a higher resistonce to ihe electrochemical
solusion (anodic solution).

The miorostructure having a unbalanced dislocation distribution between
subgrain boundaries and grains appears to be a higher electrochemical
solution rate along the subgrain boundary. It can be seen from Mig.6,
b that a large number of small cracks appear to be generated at sub-
grain bpoundary. The peened surface, however, could greatly increase
dislocation density in the o subgrain, producing a balanced dizloca-
tion between subgrains and its boundaries, The belanced dislocation
distribution lead to minimipe the difference of Vo values between them,
resulting in a balanced e¢lectrochemical solution during stress corrosion
test. In this case, no small crack in the vicinity of main crack was
obgerved. DBewgides, the compressive residual stresses are another impor-
tant factor which leads to increase the positive open potential Vo
(Pable 4), reaulting in the improvement of resistance to 5CC of marten-
site (Flg“2>"Pnhl@ 4. The wvalues VYo of deformed and undeformed
phase for OrtTHIZA slen)

Micrestructure in Loading Surfave | Opsn potential
atress Vo
the sarface layer copdlition me”z v
snderformed without leading] © + 80
phaae test loading +735 + AB
plastisc deformed without leading| O +120
phnse without lesding| -882 +160
tast loading ~147 +120

{2) sustenitic stainless steel (10T1BNiOTi)

The previous invesmtigations have been shown that tensile monotonic
deformation at room temporature (Mang, 1982) or at -196°¢C (Birley, 1971)
all can prombe Pemo/phase transformation of metastable P steel. The
cyclic plastic deformation can also induce such phase transformation,
as shown in Iig.3., IMg.4 has been shown that the disloeation density

int the martensite is much higher than that in the virgin austenite.

The value Vo of o phase is allways higher than Vo of § phase regardless
of the existence of compressive or tensile stresses in the surface
(Table 3), This fact implise that of phase exhibits a much higher
electrochemical solution ratée, Howéver the unbalanced diglocation
distribution in the virgin ausienite could lead to concentrated streus
corrosion, as showed in Fig.6,a, The trénsformed o’ phase having a
much higher dislocation density could effectively prevent the emergence
of the small cracks near the main crack. '

It is known that the plastic induced o« exhibits a higher tensile and
yield strength., iAccording to the micro-~Vickers hardness number. of ¢
(He=460), the tensile strength can-be evaluated and the value is shoub
1500 Mim™ . It is reasonable to consider that the yield strength is
about 1000 Mi¥m~2. Under the same loading eondition (i.e. §£=1.8 mn ),
the applied maximum tensile atress Oinaxs200 Bim™% for vergin P phage
apecimen and Ohax=400 ENm~? For transtormed ¢ phase gpecimen rese—
pectively. It is obvious that the applied testing stress for o phase
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specimen is much lower than the yeild strength itselif. This fact appers
to be another factor which could extend the period of 3CR.

The observations of fractographs show that the mud crack pattern near
the surface for peened specimen and the depth of which is just equal to
the depth which contains the amount of ¢/ phase more than 30%. This
mud crack patiern is, in faci, a corrosion products which are gradually
formed during slow crack growth in the transformed ol' phase. The funnsl
pattern near the surface, as mentioned by Scully (L977), have been
observed for unpsened specimen (Pig.7,a), but it no longer appears in
the crack propagation zone. The fractographs in the crack propagation
zone for both specimens have the same palterns which could be divided

ag follows: vane pattern, cieavage rivers and cleavage steps. The
results of A-ray analysis of fructure surface lead to be lhe folowing
conclusions: (a) P phasze subjects to plastic deformation due to crack
propagation and the depth of which is about 2 mm; (b) the plastic
induced of appears in the surface fracture layer and the amount of

which is more than 90%, distributing in about 1 pm depth. Conseyuently,
it might be concluded that the cleavage-~like fracture of the metastable
auvgstenitic stainlesy steel in ithe case of 3CC exhibite, in fact, &
cleavage~like fracture of plastic induced martensite, Thus the fracture
processz of stress corosion is a process of martensitic fracture but
austenitic (Wang, 1982).

CONCLUSIONS

The results obtained may be summarized as follows:

1, 3Shot peening can be used to improve the resistance o 5CC of both
samooth and pitting specimens for austenitic and martensitic stainless
steels,

2. High dislocation density and compressive residusl siresses in the
surface layer of the plastic induced of are two important factors which
can improve the resistance to 3CC for avstenitic stainless steel.

3. The eleavage-like fraciure of austenitic stainless steel in the case
of 8CC exhibits, as a matter of fact, a cleavge-like fracture of plastic
induced martensite,

REFERENCES

Al Handbook committee (1975). Metal Handbook, Vol.l1l0.

Birley, #.3. and D, Tromanz (1971). Corrosion, 27, 62.

Liu suc (1977). Fatipgue of Ketal Materials and shot—peening {in Chinese).

Liu, R.y H. Harita, C. Altstetter, 11, Birnbaum and B.N. Pugh (1980},
Ketall, Trans., 114, 1563,

Nakagawa, Y.,K. Usami, A. Kinato, 'f'. Tamanura, H. Sasaki and A.Naruse
{1979}, Proceedings of Third International Conference on MNechanical
Behavior Materials, 603.

Pavlichko, W.R., J.A. Begley, P.i, Beck and R.W. Staehle (1978). Hhicro-
giructural Science, Vol.6, 229,

seully, J.C. {1975). The JFundamentals of Corrosion, Ipternational
Jeries on Materials Science and Technology, Vol, 17.

seully, J.C. (19?1}. The Theory of Stress Corrosion Cracking in Alloys,
NaTo, 127.

peidel, 4.0, (1971). The Theory of 3tress Corrcsion Cracking in Alloys,
NaTo, 289,

148



Wang denzhi, Li Ziangbin, Tan Yonggui and Yan Mingeao (1981).

Proceed—

ings of Pirst International Conference on Shot Peening, 185.

Wang Renzhi, Li Xiangbin, Yin Yuanfa and Yan Minggao (1982),

heronautical Materials, 2, 1 (in Chinese).

4

“ 10000

N
ey

5
5
W
4t
o
@

Lifetin

fig.1l Stresscorrosion rupture
and surface residual stresses

AG0D
GO0
HOUQ
200¢

0

&

10

trosg §r, M/

e

o 600

1
Surfece rgeidiel &

480G
- 1000

Tor ¥ gtesl:
b-gmoothipeened; c-smoothi
peened plastic deformation
(€=1%)

+peanad.

.
¥

a~gmoothy

d-pitting; e~pitting

000

&OO0T
A000}1

2000

*ln

Laifetime of SOR try ov

T b

il

LA

=)k

J.of

sce residual stress 6, Hife

5 8¢
Surfe

Pig.?2 Stress corrogion rupture,
residual stresses £or off steel:s

a~amooths

begmooth+peenedy

¢~pitting; d-pitting+peened

plongation £{%)

ol .0 e i
B0
w - 6 = 0.3
o 70 L
E
3 G A [
@ 504 1.5
3
o A A4,z
2, &O\ “
o
5o o Q}\ -1%.5
2
20+ ﬁ “3,6
A “43.3
. " [ TEes BRIl
O 0 20 30 40 50 60 0 B0 %0 00

Depth from the surface &, Pl

a1y, feg

Fig.3 Distributions of the amount of

transformed O phase and half width of
{211) diffraction lines, g , with the
depth, § , for 1Crl8HigTi

149



Fig.4 Transmission electron photographs for
¥ stell: a,b-transformed ol lath and its
electron diffraction patern, 4=[011];
¢,d-virgin Y phase and its electron diffrac~
tion pattern, Z=[111]
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PFig.6 Scan electron photographs of small
cracks at the side smooth surface for both
unpeened steels: (a) 1Crl8Ni9Ti; (b) CrlTNiR4

Fig.7 Scan electron fractographs near the
crack initiation zone for 1Crl8Ni9Ti steel:
(a) smooth; (b) smooth and peened




