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ABS TRACT 

Mechanisms were studied of the ett\.t of neutron damage on Lov-CycIo 

Fatigue and tensile properties at ri>om temperature on stainless steel 

AISI Type 304. Samples were irradiated in the HFR at Petten to a fast 
24 -"> 

fluence of 5.10 n.m " (E >0.i MeV) at 333 K followed by mechani.al 

testing at room temperature. The low temperature irradiation caused irradi-

at ion hardening: the 0.2 yield stress increased from a vaiue ot JiO MX .m 
- 7 

for the unirradiated material to a lower yield point value of 540 MN-m ~. 

Irradiation had no significant effect on fatigue life. The loop type 

damage was removed by glide dislocations resulting in cyclic softening. 

Dislocation substructures were observed after fatigue testing: cell 

structures were more pronounced after fatigue testing to failure the higher 

the applied strain ranges. The formation of fatigue cracks at the surface 

of the specimens was observed in a series of specimens exposed to an in

creasing number of fatigue cycles. The tensile properties after fatigue 

loading and measured at the strain rate r ot I s were found to be 

closely related to prior cyclic softening or hardening and to the develop

ment of large fatigue cracks. 
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INTRODUCTION 

The work presented in this report is part of a post-irradiation testing 

program- ? on AISI Type 304 construction steel of an LM.*BK vessel [I]. 

The reported experiments are aimed at the analysis of the influence of 

low temperature irradiation on Low-Cycle Fatigue and tensile properties 

at room-temperature. 

The changes in the tnicrostructure of austenitic stainless steel produced 

by neutron irradiation are well knovn. At temperatures below 0.4 Tm 

(Tm * absolute melting temperature) precipitation of displacement damage 

occurs in the form of loop type point defect clusters, which results in 

the classical radiation hardening [2j. 

Fatigue loading often produces characteristic dislocation substructures 

such as planar dislocation arrays or dislocation cells. The formation of 

these substructures is strongly promoted respectively by a low or high 

stacking fault energy (.) of the mateial [3]. For Type 304 stainless 
-2 

steel at room temperature low values of , ranging from 15 to 25 mJm 

are reported 41. After testing at high temperatures (>0.4 Tm) disloca

tion cell structures are frequently observed in austenitic stainless 

steels 51. 

There is only a limited amount of information available on post-irradia

tion fatigue properties and most of it concerns materials data for engi

neering purposes at LMFBR core conditions: temperatures >0.5 Tm and fast 
25 -2 

neutron fluences > 10 n.m . Kangilaski has reported some results of 

fatigue tests on Type 347 stainless steel irradiated at room temperature 

!6,7|. The effect of irradiation on the fatigue life of Type 347 stainless 

steel is to reduce fatigue life at high level of applied total strain 

range and increase fatigue life at low levels of total strain range. 

Kangilaski also reported cyclic softening to occur during the early stage 

of the fatigue tests on the irradiated material. Our experiments are 

aimed at providing information about the mechanisms involved. 



- b -

EXPERIMENTAL 

The AISI Type 304 stainless steel was made by Stahlwerke Südwestfalen, 

and delivered as 20 aai thick plates in recrystalIized fullv auttenitic 

condition. The average grain diameter is 100 • 50 v.m. The German desig

nation of m e steel is DIN X6 CrXi 1811 (Werkstoff Nr. 1.4948). The 

chemical composition of this particular heat 231861 is given in table I. 

The test specimens are of the thread-ended cylindrical type with ridges 

for attachment of an averaging extensometer. Specimen dimensions are 

shown in figure I. The gauge length has a slight hour-glass shape to 

provide optimum damage interaction during combined experiments such as 

fatigue-tensile and creep-fatigue tests. Elastoplastic finite element 

analyses of the stress-strain behaviour of these specimens have been 

reported by Janssen [8], The final surface roughness, ranging from 

Ra(Cla) * 0.1 urn to 0.2 i:m was obtained by mechanical polishing. 

Irradiations were performed in the rore of the High Flux Reactor at 
24 -2 

Petten to a fast fluence of about 5.10 n.m (E >0.I MeV). Specimens 

were irradiated at ambient temperature (333 K) in direct contact with 

the water of the primary circuit. 

Mechanical testing was peri .rmed at room temperature with a Type 1272 

INSTRON servo-hydratilie testmachine, installed in a hot jell and adapted 

for remote handling (Fig. 2). 

Th>- strain measuring system meets the ASTM-classification C requirements. 
-4 

The absolute strain accuracy was 4.10 . The fatigue tests were made 

under the following conditions: 

- total strain control 

- zero mean strain 

- triangular wave form 
-3 -I 

- constant total stram rate of 3.10 s 
- air environment. 

-4 -1 
The tensile tests at static (' -3.10 s ) and dynamic strain rate 

l-r = 1 s ) were made in ramp function control of tne actuator displacement, 

During IXF-tests stress versus strain hysteresis loops were recorded 

periodically. High strain rate tensile curves were recorded on twc 

memory oscilloscopes. One was used for the registration of the whole 

load versus displacement diagram, the other monitored the first part of 
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the tensile curve with high amplification. 

The shape of the first part of the tensile curve after prior cycling 

is determined by the way in which the starting condition (zero load. 

zero strain) was approached in the last fatigue cycle. This is illus

trated in figure 3a and 3b which show two tensile curves after 

interruption of the last fatigue cycle in the tensile part and the 

compression part respectively. Both curves show the same increase of 

the flow stress due to cyclic hardening, curve 3b shows in addition a 

large anelastic region connected to the reversal of the straining 

direction. All further reported tests have been interrupted in the 

tensile part of the cycle. 

Changes in microstructure were observed by transmission electron micro

scopy (TEM). The development of fatigue surface cracks was analysed with 

a scanning electron microscope (SEM) in a seperate series of 6 unirradiated 

specimens, which were tested at A; * 1.4Z to increasing fractions of 

fatigue life. For this purpose, the SEM was equipped with a sample holder 

in which a full size test specimen could be rotated under the beam at 

fixed axial position. 
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RESULTS ASP DISCUSSION 

A high density of small dislocation loops, known as black-dot damage, 

was observed by TEM in the irradiated material. It causes considerable 

irradiation hardening as shown by Che tensile curves of figure 4. When 
-4 —I 

tested at Che static strain rate of ê • 3.10 s , the irradiated 

material shows a yield poinC at 540 MN.m compared Co a 0.2 yield stress 
-2 

of 230 MN.m for the unirradiated condition. This radiation hardening 

is accompanied by a decrease of tensile ductility. 

The flow stress of unirradiated stainless steel at 298 K is strongly 

determined by its thermal component which increases with increasing 

strain race. Low temperature irradiation was earlier observed to cause 

an additional increase of the thermal component ! 9]. Also in the present 

experiments this effect is clearly illustrated by the increase in 0.2 
-2 

yield stress of abouC 40 MN.m for Che unirradiated material compared 
- • > 

to an increase of abouC 90 MN.m ~ for Che irradiated material when the 
- 4 - 1 -I 

tensile strain race is increased from 3.10 s to I s 

Results of Low-Cycle Fatigue tests are shown in figure 5. This figure 

shows the number of cycles-Co-failure ('»') against cotal strain range 

(ic ). N'o influence of irradiation on N, was observed in the ."- -range 

of 0.6% to 1.4%. This is in sharp contrast with the change in tensile 

properties. Often empirical rules are used for predicting room temperature 

Low-Cycle Fatigue lives from tensile properties, such as Manson's 

relation [10 J Ï 

„ t, 3.5^N; 0' , 2*D 0' 6^ 0- 6 (!) 

in which Ac • applied total strain range. 

The first term on the right hand side represents the elastic-

strain component and the other one the plastic strain component. 

a • Ultimate Tensile Strength. 

Ao 

Ü • In — • logarithmic tensile ductilitv, 
Af 

in which 
A • original cross-sectional area 
o ° 

A, * cross-sectional area at fracture. 

In terms of Manson's equation our results would indicate that the increase 

of the elastic component bv the observed increase in ('IS just balances lite 
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decrease of the plastic component as derived from the measured decrease 

in ductility. However, it has to be stressed that there is no physical 

base at all for this empirical relation. Analysis of the stress-strain 

hysteresis loops provides some information about actual processes involved. 

During Low-Cycle Fatigue at constant total strain amplitude, the stress 

amplitude of irradiated material decreases and the stress amplitude of 

unirradiated material increases at progressing number of cycles. This 

cyclic softening and cyclic hardening behaviour is illustrated in figure 6 

by a sequence of hysteresis loops for irradiated and reference samples 

tested at '.e = 1.4%. The measured stress amplitudes at progressing number 

of cycles for irradiated and reference material are plotted in figure 7. 

The unirradiated reference samples show cyclic hardening and stabilisation 

of the loops is reached after about 30 cycles. With increasing ü<r the 
-2 

level of the saturation stress (<J ) increases from 260 MX m ~ at O.bZ, 
-7 _ ; s a t -

310 MN.m ~ at 1.0% to 350 MN-m""" at 1.4%. The irradiated specimens soften. 

The stress amplitude decreases till the saturation level of the unirra

diated references is reached at about 50% of fatigue life. The softening 

is more pronounced for the lower strain ranges. Included in figure 7 are 

also two additional tests at the very low strain ranges of Ae • 0.3% and 

0.4%, which were interrupted at about 1000 cycles for time saving reasons. 

The unirradiated material, tested at 2 c = 0.4%, starts to harden during 

the first 30 cycles and then softens till at about 1000 cycles stabili

sation is reached. The irradiated specimen tested at L\ • Ü.3Z shows 

neither softening nor hardening. Table 2 gives more information about 

the actual stress-strain behaviour during fatigue testing. In this table 

values of the plastic strain ranges (/,s. ) calculated from: 

<", c 
:V = — +.!=- (2) 

t E - p 

are listed for irradiated and reference material. With the exception of the 

lowest testing strain ranges of At = 0.3% and 0.4%, the irradiated spe

cimens show an increase of the plastic strain component and the reference 

specimens a decrease with increasing number of cycles. When stabilised 

loops are reached, the plastic strain components of irradiated and 

reference samples are equal. At :'.< = 0.3% and 0.1*7., the behaviour is 

quite different: the unirradiated specimen has a nlnstir strnin component 

of 0.15% both at the first cycle and after saturation and the irradiated 

specimen has no plastic component at all at this low strain range. This 
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could explain the longer fatigue lives for irradiated material at lower 

strain ranges, as observed by Kangilaski. 

TEM inspection of the dislocation substructure in tested specimens gives 

information about the microstructural mechanisms involved. Depending on 

test conditions and crystallographic orientation, typical planar dis

location bands as well as cell structures and intermediate structures 

could be observed in the unirradiated material. This is illustrated in 

figure 8. Calculations of the stacking fault energy for our material, 

using the empirical relations of Schramm and Reed give values for 7 

-? 

of about 38 mJ.m " [ I0j. In terms of Wells our material can be charac

terised as intermediate [II J. 

Heterogeneous dislocation distributions, consisting of dislocations on 

individual slip bands, dislocation tangles and ill defined cell structures 

were observed after fatigue testing of unirradiated samples at lower 

strain ranges. A more regular dislocation distribution with better 

defined cell structures and higher local dislocation density was observed 

in unirradiated samples tested at higher strain ranges. This is illustrated 

in figure 9. The cell structures were more pronounced when tested to failure: 

dislocation tangling was concentrated in the cell walls and the interior 

of the cells had a low dislocation density as shown in figure 10. Cell 

sizes ranging from 0.4 to 0.8 urn were observed. There w?s no correlation 

between the cell sizes and either testing strain ranges or saturation 

stresses from stabilised hysteresis loops. Cyclic stresses are more 

directly related to the perfection of the substructure and the local dis

location density in the cell walls. This is in accordance with prior 

observations of Challenger and Moteff on stainless steel fatigue tested 

at higher temperatures [12], 

Glide dislocations annihilate the irradiation produced small dislocation 

loops leaving a substructure of dislocation channels in the irradiated 

tensile tested specimens. With increasing tensile strain the number of 

channels increases and an inhomogeneous banded dislocation structure is 

formed. An homogeneous distribution of dislocation tangles, increasing 

with increasing tensile strain is formed in unirradiated samples. This 

is shown by the TEM-micrographs of figure II. In this figure dislocation 

substructures in irradiated and reference samples tensile tested to 

57. and 207, tensile strain are shown. 



- 11 -

After fatigue testing of irradiated samples at low strain ranges, isolated 

channels free from black dot damage are present. A well developed cell 

structure, with the interior of the cells free from black dot damage, was 

observed at the higher amplitude of Ae * 1.4%. The micrographs of 

figure 12 show separate damage free channels in a grain which is less 

favourably orientated for activation of the slip system (figure 12a) 

and the development of a cell structure in more suitable orientated 

ones (figures 12b and c) for a specimen tested 500 cycles at Ae = 1.4%. 

After testing to failure more activated slip systems and a well defined 

cell structure were observed, as shown in figure 13. An interesting dif

ference can be observed between the 7.0Z tensile tested irradiated specimen 

of figure II and the LCF tested specimen of figure 13. The former having 
-2 

monotonically hardened to about 600 MN>m , shows the channel structure 

epical for irradiated specimens with the black dot damage still existing 

between the channels. The latter, having cyclically softened to about 

400 MN-m , shows a cell structure similar to that of unirradiated material 

with the interior of the cells being free of black dot damage. 

The high strain rate tensile curves (Ê * I s ) after prior fatigue 

exposure are given in figure 14. The 0.2% and I ,C% yield stresses are 

compared with the stress amplitude of the last preceding fatigue cycle 

(0) in table 3. It can be noticed that the yield stresses are slightly 

higher, which has to be attributed to the strain rate effect on the thernal 

component of the flow stress. Otherwise they follow the pattern of prior 

cyclic softening or hardening of the irradiated and reference material 

respectively. 

Before considering the influence of fatigue exposure on tensile ductility, 

wc will first discuss our SEM observations on the formation of fatigue 

cracks. For this purpose a series of 6 unirradiated samples were fatigued 

at room-temperature and AE a I.4% to increasing fractions of N . After 

fatigue testing they were strained about 2%, to open the surface cracks 

for inspection in the SEM. Surface cracks larger than 20 urn were counted 

over 25 mm central circumferential area. The length of the principal 

crack in this area was measured as well as its depth, the latter by 

inspection of the fracture surface following final fracture. The data are 

plotted versus the fraction of Nf in figure 15. Up to about 50% of N. 

the number of microcracks increases, reaching in the central area a 
-2 

surface density of about 20 mm , which actually means that about 50% 
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of the bigger grains have microcracks. After about 70% of X_, a rapid 

growth of the principal crack sets in and the number of smaller cracks 

falls off due to coalescence, which is illustrated by the micrographs 

of figure 16. The rapid crack growth with increasing number of cycles 

for N >0.7 Nf is also observed by means of striation measurements on the 

fracture surface of a specimen tested to 90% of fatigue life, as shown in 

fijure 17. Figure 18 shows two micrographs typical for the final stage 

of the principal crack at 60% and 85% of fatigue life. Especially at 

low growth rates (figure 18a), the local crack growth directions deviate 

considerably from the macroscopical crack growth direction indicated by 

the arrow. 

Table A gives tensile elongations at fracture after progressing number 

of prior fatigue cycles. During the first stage cf fatigue life a 

slight decrease of tensile ductility occurs, ihis is related to the 

fatigue hardening or softening phenomenon and is strongly determined by 

the particular amount of hardening or softening reached. Note that the 

ductility of the irradiated specimens after cyclic softening in general 

is still lower than the ductility of the reference specimens. A iruch more 

dramatic decrease of ductility sets in around 70% of Nf. Here failing 

tensile elongation is obviously the result of prior formation of a fast 

growing principal fatigue crack larger than approximately 1 mm surface 

length. 
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SUMMARY AND CONCLUSION'S 

The results of this work may be summarized as follows: 

Black dot damage does not significantly influence the room temperature 

fatigue life of AISI Type 304 stainless steel, when tested at total strain 

ranges from 0.6% to 1.4%. Loop type damage is removed by glide dislocations 

resulting in cyclic softening to stress amplitudes and plastic strain 

amplitudes equal to those of unirradiated material after stabilisation 

of the stress-strain hysteresis loops. 

Typical dislocation cell structures were observed in the fatigue tested 

material. The local dislocation density within the cells decreased and 

dislocation tangling within the cell walls increased, resulting in better 

defined cell structures, when tested to failure at higher strain amplitudes. 

The interior of the well developed cells in the irradiated material were 

almost free of black-dot damage. 

No correlation could be observed between cell-sizes and testing strain 

ranges. The cyclic stresses were found to be related to the perfection of 

the dislocation substructures and the local dislocation density in the 

cell wa11s. 

High strain rate ductility (.' = 1 s ) at ter prior fatigue exposure is 

observed to fall off after about 70' of fatigue life when the principal 

fatigiu; rrack has grown to about u.5Z of the cross section. 
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TABLES 

lb -

i r r 

0.053 Cr ! C 

Mn 1.8 

P Ü.0 

S 

Si 

Mo 

1 0.01 i Si 
1 

17.6 

U.t 

Ü.04 

Q.V2 

Cu 

V 

Co 

N 

0.03 

0.04 

0.06 

0.045 

Table 1. Chemical composition of the particular heat 23 

• f AISI Type 30* stainless steel. Weight .". 

I P l a s t i c Applied 

strain range 

A E % 
t 

Plastic 

strain range 

P 
first cycle 

strain range 

p 

after stabili

sation 

irr. | ref irr. ref. 

1.0 

0.6 

0.4 

0.3 

0.9 ! 1.2 

0.5 ; 0.8 

0.1 ' 0.4 

0.2 

0 i -

1.0 1.0 

0.7 0.7 

0.3 0.3 

0.2 

0 ! -

Table 2. Calculated plastic component (•' ) of the appl 

strainrange (£- ) in the first cycle anu after 

stabi lisat ion. 
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r 

Material 

condit ions 

Inirr. 

ii 

it 

Fal igue 

conditions 

"~t 

-

0.4 

1.4 

S 

cycles 

-

500 

500 

F " '" 
Fatigue 

tensile stress 

MS.m ~ 

-

220 

36C 

! 
yield 

va 

MN.n 

270 

j 280 

390 

! 
stress 

lues 

MN-m " 

320 

310 

410 

Irr. 

11 

it 

1 

-

0.4 

1.4 
.. 1 

-

500 

500 

i 

1 

-

310 

410 

630 

560 

440 

630 

590 

460 

1 

i 
Lower vield stress. 

Table 3. Yield stress values after fatigue loading compared to the 

tensile stress value 

strain rate I * 1 s 

tensile stress values of the last fatigue cycle. Tensile 
1 

Material 

condition 

Fatigue exposure 

Lf. X X cvcles 

Tensile elongation 

irr. 

unirr. 

0.*. 

1.4 

500 

500 

L 

0.4 

1.4 

1.4 

1.4 

1.4 

500 

500 

1600 

1850 

2200 
J-

45 

47 

38 

58 

59 

53 

54 

48 

20 

Table 4. Decay of tensile ductility with increasing prior fatigue 

exposure for irradiated ai 

Tensile strain rate ' » I s 

exposure for irradiated and reference stainless steel 
•I 
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Fig. 1 Thread- ended (M-16) cylindrical type specimen. All dimension; in mm. 

Fig. 2 Hot cell with servo - hydraulic Low-Cycle Fatigue testing machine. 
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Fig. 3 First part of the tensile curve after prior fatigue loading, 

a. after interruption of the last fat-gue cycle in the tensile part 

b. after interruption of the stress-strain hysteresis loop in the compression part 

Curve b shows a large anelastic region due to reversal of the straining direction. 
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10 2 0 3 0 4 0 5 0 6 0 7 0 % 

4 Tensile curves for unirradiated and irradiated stainless steel AISI Type 304 at 

two different strain rates. 

Strain range dependence of fatigue life for irradiated and reference stainless steel 

AISI Type 304. The reference line is obtained from 9 tests on the unirradiated steel. 
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CYCLIC 
S*TEIHK 

irr. 

CYCLIC 
N M K M K 

ref. 

Fig. 6 Sequence of fatigue loops showing cyclic softening of irradiated material and cyclic 

hardening of the unirradiated steel. 

200 

10' CYCLES 

Fig. 7 Stress amplitude versus number of cycles showing cyclic softening of the irradiated 

material and cyclic hardening of the unirradiated steel. 
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a. Planar dislocation bands 

b. Intermediate substructure 

c. Dislocation cells. 

Fig. 8 Dislocation substructures observed in Low-Cycle Fatigue tested unirradiated 

high Cr-high Ni AISI Type 304. 
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Fig. 9 Dislocation substructures in unirradiated specimens tested to failure at 

Ac = 0.6'/. (a) and A e, = 1.4* (b), The specimen tested at the high 

strain range of 1.4% shows a well developed cell structure. 



I 

Fig. 10 Dislocation subs* uctures showing a better oaf ined call structure at prograssing number of cyclas. 

a. spaciman tasted :~ 20% N. at A e = 1.4% 

b. 50% 

c. 90% 
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Fig. 11 Dislocation substructures of irradiated and reference stainless steel at 5'/. and 20% tensile strain. 

The irradiated material shews dislocation channeling, with increasing tensile strain the number 

of intersecting channels increases. The interior between the channels still contains the black-riot damage. 
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Fig. 12 Dislocation channeling and the development of cells in an irradiated specimen, tested 

500 cycles at A e = 1,4%. 
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Fig. 13 Dislocation substructure in irradiated AISI Type 304 tested to failure at A e = 1.4%. 

showing dislocation cells with the interior of the cells free from Mack-dot damage. 
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Fig. 14 High rate (c = 1 s ) tensile curves after 500 prior fatigue cycles for irradiated 

and reference stainless steel. 

total number 
of cracks 
<S 200ym) LJC.F 2SIK 

length 

'dtptr. 

crack dimension 
j jm • 

• 

5000 

4000 

3000 

2000 

1000 

N /Nf V. 

2 
Fig. 15 Number of fatigue microcracks counted over 25 mm circumferential area and 

the surface length and the depth of the principal crack at progressing fatigue life. 
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Fig. 16 Fatigue microcracks af ter 500 cycles (a) and coalescence of microcracks after 1500 cycles 

(b) at A e{ = 1.4%. The specimens were strained about 2% to open the surface cracks 

for inspection in the SEM. 
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cycle 1 

5 

4 

3 

2-

1 

STIMTION 
•E AS KIEK MTS 

* 
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20 40 60 80 100 
N/Nf7. 

Fig. 17 Crack growth of the principal crack calculated from striation measurements on the 

fracture surface of a specimen tested to 90% fatigue life. 
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%0 M-m 

60% 

85% 
Fig. 18 Micrographs showing striated fracture surfaces, typical for the final stage of the 

principal crack at 60 % and 85 % of fatigue life respectively. 




