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Abstract 

Maitensitic steels have received considerable attention as structural materials in fusion reactor 
applications. In present designs, fusion reactors are expected to operate in a cyclic mode, thus 
producing cyclic thermal stresses in the first wall. Due to its low thermal expansion coefficient 
and very low swelling rate, 1.4914 martensitic steel is a suitable candidate for the first wall with 
high neutron loadings. 

This paper presents the preirradiation results obtained with subsize-specimcns designed to be 
irradiated with a proton beam in the PIREX facility at the Paul Schcrrcr Institute (PSI) of 
Wiirenlingen. 

Both tensile and low cycle fatigue tests were ^formed in vacuum in the region from 300 K 
to 870 K (720 K in the case of fatigue tests). Tensile tests on the subsize specimens (0.33 mm 
thick) compared well to those on bulk specimens, showing a minimum in ductility at around 
620 K. The fatigue tests, performed on tubular specimens (3.4 mm external diameter, 0.35 mm 
wall thickness) showed substantial softening setting in at a low number of cycles. 

The initial microstructure observed in transmission microscopy consists of fine martensite laths. 
As cyclic deformation proceeds, dislocation cells form, that gradually replace the martensitic 
laths. 

'Visiting Scientist from the Institute of Atomic Eneigy, Peking/China 
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1 Introduction 

A marteitsitic steel (DIN denomination 1.4914) was selected as a possible first wall and structural 
material for the Next European Torus (NET) [ 1 ]. 1.4914 st*el has a number of attractive features, 
c.g., high rupture strength up to 450 °C, good voidability, low thermal expansion and a very 
good resistance to radiation-induced void swelling. Extensive work to characterize this material 
was performed at the Kernforschungszentrum Karlsruhe [2]. 

It is essential that candidate material for fusion reactor applications exihibit good fatigue proper
ties in the appropriate temperature range and environment. The cyclic compressive strains in the 
first wall of a fusion reactor are well in the plastic domain [13]- Therefore a good knowledge of 
the low cycle fatigue behaviour is necessary to predict the life of the components. The present 
work has been concerned with the study of the mechanical properties of 1.4914 steel and was 
performed in the framework of a material research project of the European Fusion Materials 
Technology Program. 

This paper presents preirradiation results obtained with subsize specimens designed to be used in 
the PIREX II irradiation facility. Thermal loading and temperature gradients limit the thickness 
of the material that can be exposed to the proton beam. Furthermore, the mass irradiated is 
limited by the induced radioactivity. 

Tensile and low cycle fatigue tests have been run over a wide temperature range. Resulting 
changes in the microstructure were studied by electron microscopy. Results of this investigation 
are presented and discussed in the following sections. 
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2 Experimental Procedures and Definition of Initial Structure 

8 mm rods of 1.4914 steel heat no. S3645 were obtained from the Kernforschungsanlage 
Karlsruhe. The chemical composition of the steel is given in table 1. The steel is commonly 
named MANET because it was specially produced for the NET research. The specimens of 
Fig. 1 were partially machined on a lathe in the as received state. They were then heat treated 
and finally spark machined to the desired shape and thickness. A final heat treatment was 
performed to release the stresses. The specimens of Fig. 2 were manufactured from heal treated 
rods and then stress released. The heat treatments were done as follows: 

1. Homogenization for 2 hours at 950 °C, then air cool (quenching rate (QR) faster than 
30 °K/min) 

2. Austenitization for 30 min at 1075 °C, then air cool (QR faster than 30 °K7min) 

3. Tempering for 2 hours at 750 "C then air cool (QR smaller than 15 °K/min) 

4. Stress retrieval for 15 min at 650 °C then air cool (QR smaller than 15 °K/min) 

1.4914 MANET 
Heat 53645 

C 

0.13 

Cr 

10.6 

Ni 

0.87 

Mo 

0.77 

V 

0.22 

Nb 

0.16 

Si 

0.37 

Mn 

0.82 

B 

0.0085 

N 

0.020 

Table 1: Chemical composition of MANET (wt %) 

The first three heat treatments were performed before final machining and the last heat treatment 
was given after final machining to relieve the stresses. The final hardness achieved was then 
233 HV30. The axial ity of the specimens was followed during the procedure and found tc stay 
within reasonable limits. 

An X-ray scattering analysis showed that the microstruclure was free of (5-ferrite and had retained 
very little of austcnitc. 

The PIREX specimens were tested into an electromechanical testing machine equipped with a 
computer for data acquisation and machine control. In order to simulate the environment of a 
fusion reactor the tests were carried out into a vacuum chamber with a resistive furnace. The 
temperature distribution along the gage length was within 6 °C. The temperature was measured 
with very thin thermocouples wires welded on the surface of the specimen. A calibration 
curve was obtained and checked at regular intervals. This method would not be applicable 
for radioactive materials, since the thermocouples are difficult to apply. Most specimens were 
therefore tested using the calibration curve. Because of the good stability of the furnace, this 
method was found to allow a temperature control better than 10 °C. The stability of the system 
was checked during fatigue tests lasting more than two weeks. 

3 



Figure 1. FiRh'H I I specimens: type A shows the tensile specimen with a thickness of 0.33 mm 
and a wktth t»f (• mm and type B is the fatigue specimen with a typical wall thickness of 0.35 
mm. 
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Figure 2: D I N 50125 tensile specimen used for the tensile test comparison 
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Figure 3: Microstructural evolution of the mate-rial. The upper photograph shows the "as 
received state". The microstructure after heat treatment 1+2 is shown in the middle picturt and 
finally the last picture shows the microstracture in the final state 1+2 + 3+4. 
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Special car; was taken to ensure a good alignment of the small tubular specimens. An adjustable 
mechanical alignment device was designed and mounted in the set-up. A specimen mock-up 
equipped with strain gages measuring the bending component on two perpendicular axes was 
used to align the loading rods. A real tubular specimen was equipped with two strain gages and 
taken through tension-compression cycles to check bending. With this method, it was possible 
to maintain the percentage bending lower than 8 % (% bending = j h - l A x 100). 

The DIN 50125 specimens needed to compare with the PIREX results were tested in an hy-
draulical testing machine. The tests were performed in the air using a resistance heating furnace. 
After the test, the specimens were observed by optical and electron microscopy. Both SEM and 
TEM instruments were used. 

The flat and cylindrical bulk specimens were hand ground with silicon carbide abrasive and then 
polished mechanically in a cloth wheel using polishing pasta. Final electrolyiical polishing was 
dorx into a solution of acetic acid and Na2Cr04. 

A special method was developed to produce the TEM specimens from tubular specimens. The 
tubes were first cut with a spark machine into four small shells of 2 by 2.7 mm which were then 
ground to a flat shape. The specimens were then thinned with a commercially available device. 

The observations were done in a 200 kV transmission Hectron microscope. 

Fig. 3 shows the evolution of the microshuctutc as seen in a TEM after the different heat 
treatments. 

The microstructure obtained is a fully manensitic structure with laths of 1 -1.5 pm width. The 
prior austcnitc grain size of 28 jim is a function of the austenitizing temperature and was kept 
small by the presence of NbC. 

CrnG? precipitates arc irregularly shaped (mostly rectangular) and can be observed on lath and 
prior grain boundaries. NbC were observed as spheroids of about 0.2 fim. According to [4], 
M2X precipitates must also be present but were not observed. Wry big 7.rxCx carbides (15 -
25 fan) were observed on the polished surfac.* by SEM microscopy. 

3 Tensile Tests 

All tests were performed at a strain rate between 1.5 and 1.8 %/min (2.5 - 3 • 10~4 s"1). The 
PIREX tensile specimens had a thickness of 0.34 mm, a width of 6 mm and a gage length of 9 
mm. In order to have an indication of the size effects, the small Pirex specimens from Fig. I 
were compared to the specimens of Fig. 2 manufactured to the gcrman norm DIN 50125 [5]. 
The results are reported in table 2 and graphically shown in Fig. 4 and 5. The tensile parameters 
of Fig. 4 and 5 are defined in the german norm DIN 50145 as [5]: 

6 



Rm = ultimate strength 
Rpo.2 = yield strength at 0.2 % non proportional elongation 
Rto.9 = yield strength at 0.9 % total elongation 
Ag = uniform elongation 
A = total elongation 
VI = tensile speed in the elastic domain 
V3 = tensile speed in the plastic domain 

Both types of specimens were heat treated together. The yield stress value of the DIN 50125 
specimen was obtained from a fine extenso'neter on the gage length. All other parameters were 
read on the millimeter paper diagramm produced from the crosshead displacement transducer. 

Table 2: Temperature tensile properties of 1.4914 steel MANET as measured with diflerent 
types of specimens. The values are mainly mean values from several specimens. 

Specimen 
Type 

PIREX 
type A 

PIREX 
typcB 

DIN 50125 
rod type 

T|°C] 

RT 
250 
450 
600 

RT 
350 
450 

RT 
244 
344 
444 
594 

Strength [Mpa] 
0.2 % YS 

570 
518 
448 
246 

603 
498 
443 

585 
514 
527 
459 
325 

irrs 

727 
639 
541 
313 

753 
669 
65 i 
599 
356 

Elongatioi 
Uniform 

7.5 
6.9 
4.0 
i.4 

9.3 
7.5 
4.2 
5.2 
1.1 

n[%] 
Total 

19 
11.5 
13.3 
28.6 

14.9 
12.7 
10.7 
10.5 
24.7 

The Pirex specimens type A were measured with a displacement transducer of ± 5 mm placed 
on the grips (see Fig. 6). The test was computer driven. Rt0,g, Ag, A and V3 were given by 
the computer. Rm, Rp0 2 were measured on the x-y plotter diagramm. 

Some tubular specimens type B were tested for comparison. For this type of specimen an 
accurate manipulator extensometer (± 0.5 mm) was applied on the gage length (see Fig. 7). 

7 



$00 

700-

too 

500 

400 

300 

200 

100-

-25 

600 

Figure 4: Hie tensile test parameters as a function of test temperature for the 1.4914 steel. 
Results were obtained from the PIREX flat specimens. 
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Figure 5: The tensile test parameters as a function of test temperature for the 1.4914 steel. 
Results were obtained from DIN 50125 norm specimens. 
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Figure 6: The cxtensometer (± 5 mm) used for the Pirex flat specimen was mounted on the 
grips. 
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Figure 7: The manipulator extensometer (± O.S mm) used with the tubular Pirex specimens. 
The extensometer can be moved remotely to and from the specimen. 
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The comparison of figures 4 and 5 shows that the results obtained from the DIN S012S specimens 
are very similar to the results from the PIREX specimens. Nevertheless the following differences 
are observed: 

The ultimate strength Rm as measured by the Pirex specimens was lower by approximately 8 %. 
The stress Rt 0 9 was nearly the same for both types of specimens. At temperatures higher than 
100 °C, the yield strength Rp0.2 was lower by up to 13 % for the Pirex specimens. The values 
obtained for the ductility and the relative change versus temperature were in the same order 
of error dispersion. A ductility minimum was observed at about 250 - 300 °C for the Pirex 
specimens and at 350 - 400 °C for the rod specimens. The minimum of the uniform elongation 
was found at 600 °C for both types of specimens according to [2]. 

A series of engineering stress versus engineering strain curves arc included in fig. 8 and 9 for 
the PIREX and the DIN specimen, respectively. 

There is a critical temperature for the appearance and disappearance of serrated plastic flow, 
which also corresponds to the minimum of ductiliy of fig. 4 and 5. This is a typical indication 
of dynamic strain aging. The onset of Liiders band propagation could be clearly detected with 
the PIREX specimens. The serrations of the plastic flow were regularly spaced and well marked. 
No Liiders band propagation occured in the rod type specimen and the serrations appearing at 
higher temperatures were very irregular. 

These differences seem to be related to the different geometries. The PIREX specimen is thin 
(0.3 mm) and the stress state is mainly 2-dimensional. 

The PIREX specimens breaks along deformation bands approximately at 55° to the main axis, 
in agreement with the theoretical analysis of Hill [6]. The fracture was always ductile. 

The observations in the transmission electron microscope showed that the dislocation density in 
the latt. had decreased during tensile deformation. Zones clear of dislocations start to appear 
and are separated by dislocation walls with the formation of a cellular structure. Fig, 10 shows 
the formation of cells within a lath after tensile deformation at room temperature. 

4 Fatigue Tests 

Fatigue tests have been carried out at different temperatures up to 450 °C on the tubular PIREX 
specimens. The test were performed under constant total axial strain control with a triangular 
fully reversed wave shape. Some tests weie done with hold times in order to measure the effect 
of creep. In all tests the strain rate was set at 3 x 10"3/s (1.8 %/min). The measurement of 
the strain was done with a very accurate manipulator extensometcr (Fig. 7) applied on the 
gage length. After the specimen had broken, a calibration curve was performed using another 
transducer placed on the crosshead of the machine. The transducer on the crosshead was at 
room temperature while the manipulator extensometer was at elevated temperature. In this way, 
a temperature calibration of the extensometer was produced after each test assuming the specimen 
did not facture on the knife edge. The difference in calibration between room temperature and 

12 



MPa 

700 

600 

300 

ENGINEERING Si RAIN 

Figure 8: Effect of temperatuic on stress-strain curves as shown for the PIREX specimen. 

450 °C was as high as 8 % in some cases. As said earlier, the tubular specimen used had an 
inner diameter of 2.7 mm, outer diameter of 3.4 mm and a gage length of 9 mm (see Fig. 2). 

In order to test the experimental set-up, a serie of tests was carried out on a well known material, 
the 1.4435 stainless steel (316 L). The results are shown in Fig. 11 where they are compared 
to results produced by other laboratories using classical specimen [7,8,9]. The agreement was 
deemed satisfactory and the test matrix was run. Table 3 summarizes the results obtained on 
the 1.4914 martensitic steel. 

The plastic strain range AeT was taken as the intersection of the hysteresis loop with the strain 
axis. The elastic strain range was calculated as the stress range divided by the elastic modulus: 
Aee = A < T / £ . The sum of both components was not exactly the total strain range due to the 
presence of a small anelastic component. 

Before running the test matrix, 2 specimens were tested at 1 % total strain range in the air. 
They failed at 2685 cycles and 2745 cycles, respectively. The test was repeated under a vacuum 
atmosphere. The life was found to increase to 4729 cycles. The final vacuum attained in the 
tests was at all temperatures better than 10~6 mbar. 

The changes of stress range with cycle number of the typical tests at various temperatures and 
total strain range are «hown in Fig. 12. It can be seen, that all test conditions lead to continuous 
softening. Since the total strain range was imposed, the plastic strain range was increasing during 
the test. Associated with the cylindrical geometry, this softening was creating stability problems 
that could only be mastered by limiting the amplitude of the imposed strain. The stability limit 
was 1.5 % total strain at room temperature and only 0.9 % total strain at 450 °C due to a higher 
softening rate. 

After the first 50 cycles, the softening rate was approximately proportional to 1/N for all test 
conditions. In a linear-log plot of the stress range versus cycle number as in Fig. 12, the 
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Figure 9: Effect of temperature on stress-strain curves as shown for the DIN 50125 rod type 
specimen. 

softening rate at a particular cycle number is given by: 

dAa 1 dAo 
~dN~ = JV" dlog V 

At 10 cycles, the softening rate ranged between +0.5 and - 5 MPa/cycle depending on temper
ature and applied strain. At the beginning of the test, some hardening was observed under high 
strain for all temperatures. 

At half of the fatigue lif* he softening rate was between -0.5 • 10~3 for long lifcs at room 
temperature and -120 • 1( 3 for short lifes at elevated temperature. A general observation 
was that the softening rate *as slightly higher at elevated temperatures, especially at low cycle 
number and under high strain. 

The total strain range as a function of the cycles to rupture is represented in Fig. 13 at four 
different temperatures. 

A two slope diagramm of the test data at 20 °C is shown in Fig. 14. In the strain range 
investigated, the Basquin law A£eN? ~ C\ and the Coffin-Manson law Aep • Nf •=• C are 
found to fit quite well the test data. This was also the case at elevated temperatures. 

The relation between Aep and the number of cycles to failure, Nj, is shown in Fig. 15, in 
which for clarity, the data are presented in two different diagramms. It is apparent that the data 
at low temperature (< 300 "Q and high temperature (> 300 °G fall in two different slopes. 
The exponent «M the constant oi the Coffin-Manson law a and C are reported in Table 4. 

The cyclic stress-strain response can be expressed by the following equation: 
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A<r = A" • Ae* 

Fig. 16 shows the relation between Aa and Aep as measured with the PIREX-specimen at half 
life. The constant A" and the strain hardening exponent n' are reported in Table S. It is clear 
that the value of n' is lower at room temperature than at 450 °C. The plastic part of a tensile 
curve can also be represented by the power law: 

° = K% 

For comparison the values K and n are also listed in Table 5 as measured with the PIREX type 
A flat specimen. The dates should be handled with care since the strain rate was 1.5 %/min in 
the tensile deformation and 18 %/min in the cyclic deformation. 

The specimens cycled with a tensile hold period of 2 minutes at 450 °C had a life shortened by 
a factor of approximately two (see table 3). On the other hand the time to failure was increased 
by a factor of more than 10. Due to the duration of the experiment tensile hold tests at a total 
strain range below 0.65 % could not be carried out. 

The secondary stress range, which is the difference between the stress after relaxation and the 
stress of the compressive reversal was 602 MPa at 0.65 % and 627 MPa at 0.71 %. The primary 
stress range Aa was 649 and 680 MPa, respectively. The parameters were always determined 
at half life. 

For all test conditions and very systematically, the compressive stress at reversal was higher 
than the tensile stress. The effect seemed to be higher at room temperature were the offset was 
about 4 %, than at elevated temperatures were the offset was around 2.5 %. 

The microstruciure was highly inodified by the cyclic deformation. Even at ten cycles the 
formation of well defined dislocation cells was taken place in the martensite lath. The e l l s 
were gradually replacing the original lath microslructurc as shown in Fig. 17. The resultant 
cell size at end of life depends on the stress range. Fig. 18 shows the relationship between cell 
size L and stress in the MANET material. The experimental data can be fitted by the equation 
a, = 379 L - 0 ' 4 6 were <r, is the saturation stress at half life (half strain range) in Mpa and L 
the cell size in /im. 
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Table 3: Low-cycle fatigue test data for 1.4914 steel in vacuum 

T 
°C 
20 

250 

350 

450 

Ae, 
% 

0.506 
0.79 
1.0 

1.22 
1.4 

0.602 
0.693 
0.905 
1.09 
1.22 

0.628 
0.754 
0.93 
1.09 
0.53 
0.648 
0.71 
0.908 
0.65 
0.71 

Afe 

% 

0.40 
0.44 
0.48 
0.49 
0.51 
0.395 
0.402 
0.422 
0.44 
0.446 
0.382 
0.407 
0.429 
0.441 
0.34 
0.353 
0.384 
0.409 
0.35 
0.366 

Aep 

% 

0.06 
0.325 
0.52 
0.69 
0.89 
0.202 
0.281 
0.471 
0.620 
0.704 
0.236 
0.332 
0.481 
0.629 
0.18 
0.275 
0.326 
0.46 
0.305 
0.333 

A<T 
Mpa 

870 
956 
1020 
1070 
1100 
800 
813 
854 
890 
900 
744 
792 
835 
858 
630 
656 
714 
760 
649 
680 

Nf 

126000/ 
15550 
4729 
2939 
1996 

22760 
16791 
6850 
3976 
4353 
55282 
15202 
3576 
2718 
75316 
31205 
18953 
2871 

13725/ 
9000 

h 
hrs 

116.7/ 
22.46 
6.57 
6.53 
5.17 
25.29 
23.63 
12.68 
8.83 
9.67 
71.67 
23.93 
6.62 
6.14 

72.53 
40.il 
25.27 
5.32 

4 7 3 / 
312 

Wave form 
* 

CC 
CC 

cc 
CC 
CC 
CC 
CC 
CC 
CC 
CC 
CC 
CC 
CC 
CC 
CC 
CC 
CC 
CC 
TH 
TH 

Note: As^,A-p and A<7 were determined at 1/2 Nj 

•CC; cont:nuous cycling 
TH: 2-minutc hold at peak tensile strain 

Table 4: Values of the Coffin-Manson Coefficients from Eq. AepNJ = C 

a 
C 

20 °C 

0.636 
1.180 

250 °C 

0.663 
1.656 

350 °C 

0.332 
0.084 

450 °C 

0.295 
0.053 

16 

http://40.il


Figure 10: Microstructure observed after tensile deformation at room temperature 

Table 5: Values of constants for power laws in monotonic and cyclic deformation. 

Temperature 

20 "C 
450 °C 

Aa = K el 
K n 

916 0.085 
660 0.065 

A<7 = 

A' 
737 
241 

A" e;' 
n' 

0.085 
0.313 
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Figure 11: The fatigue life of 316 L steel according to references 7, 8 and 9 as compared with 
PIREX subsizc results. 
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Figure 12: Typical examples of the stress range as a function of cycle number at different 
temperatures. 
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Figure 13: Relation between the total strain range and the number of cycles to failure for 1.4914 
steel. 
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Figure 16: Stress range versus plastic strain range at a half of fatigue life. 
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Figure 17: The upper photograph shows the lath microstruclurc before deformation and the 
lower photograph shows the cell structure produced by a fatigue test at Af( = 1.1% and T = 
25(TC. 
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5 Discussion 

5.1 Tensile Properties 

The results obtained with the subsize flat tensile specimens are comparable to those obtained 
on standard size specimens. This is true for the 1.4914 specimens tested at a thickness to 
grain size ratio using the prior austenite grain size of about 12. The results are also in a good 
agreement with previous investigations [2] of the same material. The main difference found in 
the flat subsizc specimens is the fact that deformation takes place by the propagation of plastic 
bands. For plane stress state and for the case of pure tension, the ratio of longitudinal strain to 
transversal strain is -2. This condition and the fact that the two halfes of the specimen, after 
and before the plastic front, are moving like rigid bodies, makes the band move at an angle of 
54.7° with respect to the tensile axis. This angle is similar to that found in the fracture surfaces. 

Gear indications of dynamic strain aging were found for testing temperatures between 250°C and 
350°C. The presence of serrations in the stress-strain curve and the strain rate sensitivity are 
characteristic of the presence of this phenomena. 

Both the C, N [10] and the Mo have been discussed as the origin of possible interactions with 
moving dislocations. The total elongation versus temperature exhibits a minimum in the region 
of 300 - 400°C. This minimum is associated with the phenomena (see Fig. 4 and 5). The uniform 
elongation exhibits also a minimum at 600°C [2]. This experimental point was successfully 
checked with the subsize specimen (see Table 2). 

5.2 Fatigue Properties 

The comparison of the LCF properties of 316L stainless steel as measured with thin tubular 
specimens with those obtained with bulk specimens published in the literature [7,8,9], shows that 
the PIREX results fall in the scatter band of this material. Under the careful alignment procedure 
used in the present investigation, bending moments under stress reversal are minimized. For 
the case of the cyclic softening 1.4914 steel, the stability limit was 0.9 % total strain range at 
45G°C and 1.5 % total strain range at 20°C. 

Low cycle fatigue life behaviour found in the present investigation compares well with results 
obtained in bulk 1.4914 at KFK [11]. Another companson with a similar 12Cr-lMo-1W-0.3V 
steel showed longer lifes for the PIREX specimens [12]. A ferritic-msjtensitic Fe9CrlMo from 
ref. [13] had longer lifes at a test temperature of 593°C. Both these steels have somewhat 
different compositions and microstructures, so they are not strictly comparable to the case of 
1.4914. 

The fact that the environment influences Nj is well known [13] and is related to the fact that 
the microcrack density in air is over one order of magnitude greater than in vacuum [14]. An 
approximate factor of two lowering of the fatigue life was found between test in vacuum and 
in air. 
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A temperature dependence of the fatigue life was found for testing temperatures above 250°C (see 
fig. IS and Table 4). Accordingly, the hardening exponent of the cyclic stress strain curve at 
half life is much higher at 450°C than it is at room temperature (see Table S). If one considers 
the Tomkins relation o = ^ ^ f'5J, an increase of the hardening exponent would decrease 
the Coffin-Manson exponent. This was found to be true in the present investigation, although 
the relation doesn't hold strictly. The higher cyclic hardening rate at 4S0°C (Fig. 16) can be 
related to the presence of dynamic strain aging in this temperature region. It affects significantly 
the slope of the endurance curve. 

A series of tensile tests nave been programmed at the strain rate of the fatigue testing to verify 
this assumption. 

The sources of strength of the tempered martensite are the lath structure, the high dislocation 
density within the laths and the carbide structure. Earthman el al [14] point out that by tempering 
martensite at such high temperatures, the structure is no more bet but rather bec, a fact which 
is confirmed by our x-ray investigation, 

TEM observations at end of life show, see fig. 17, that the lath structure has been entirely 
replaced by dislocation cells. The dislocation density within the cells is much lower than in 
the original laths. The cell formation starts very early in the fatigue life. In fact as shown in 
fig. 19, the cells are already well formed at about ten cycles, a number which is comparable to 
the start of dynamic softening in almost all tests performed. 

No systematic study of the effect, if any, of carbide coarsening in this range of temperature, 
has been performed in the present investigation. The simple comparison of TEM observations 
at end of life does not seem to indicate substantial carbide growth in tests up to 450°C. 

The microstructure observed at end of life is a very regular and homogenenous subgrain structure 
with a cell size obeying the equation a, - 479L - 0'4 6 . The cells are readily produced by the 
interaction of moving dislocations of opposite sign. After 10 cycles, the measured cell size was 
0.73 //m at a stress level of 600 Mpa. This is too big according to the above equation and seems 
to indicate that the cells are decreasing in size during fatigue at constant strain range. 

A mixed microstructurc as reported in [14] consisting of veins, slip bands and subcells was not 
observed in our specimens. The creep component introduced in the cycle does not change the 
cell size. This could supports the observation of an homogeneous cell substructure. After a 
tensile test at room temperature, an homogeneous cell structure of 0.45 /xm mean diameter was 
observed in the microscope (fig. 10). 

The introduction of a hold time in the hysteris loop reduces the endurance by a factor of 
approximately two at 450°C and 0.7 % total strain. The failure is expected in fewer cycles 
because the hold time introduces a relaxation and thus larger inelastic strain in the hysteresis 
loop. The cell size after a hold time of 2 min. at 0.7 % was the same that without hold time. 

The fact that the mean stress was always negative will be the object of further studies. It could 
be explained by a point defect diffusion phenomena producing dislocation climb in the tensile 
pan of the cycle [16]. 
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Figure 19: The microstructure produced by 10 cycles under a total strain range of 1 
temperature. 

at room 
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6 Conclusions 

1. The tensile and low cycle fatigue behaviour of a 1.4914 martensitic steel has been studied 
using subsize specimens developed for irradation purposes. The tensile test results were 
successfully checked with normed specimens. 

?. The steel shows a dynamic strain aging behaviour at temperatures around 300°C when 
tested at a strain rate of 2.6 * 10_ 45 - 1 (1.6 %/min). The ultimate strength remains very 
high at temperatures up to 400°C. In thin material, the deformation take place by the 
propagation of a plastic band. 

3. After tensile deformation a cell substructure is introduced in the original lath structure. 
The mean size of the cells produced at room temperature is below 0.5 /im. 

4. Fatigue endurance tests compare well to those similar steels found in the literature. Sub
stantial softening was observed under all fatigue conditions. The introduction of hold 
times in the tensile part of the hysteresis loop decreases cycle life but extends time to 
failure. Fatigue life is shorter in air than in vacuum by a factor of two at room temperature 
and 1 % total strain. 

5. A temperature dependence was found in the Coffin-Manson plots. The strain rate chosen 
for the tests was 3 • 10"3s -1 (18 %/min). It is believed that dynamic strain aging may be 
responsible for the slope change observed in the endurance plots. 

6. An homogeneous dislocation cell structure is produced during fatigue deformation. The 
original lath microstructure is fully transformed to equiaxed subgrains. The cell size 
observed is inversely proportional to the square of the saturation stress. The smallest cell 
size found in fatigue was around 0.S /tin. 
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