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Abstract

The in¯uence of dynamic strain ageing (DSA) on the strain cyclic behaviour of ferrite±martensite stainless steels was

investigated at temperatures ranging from room temperature to 823 K. For fully annealed AISI 420 initial hardening

followed by a saturation stage was observed at each test temperature. This steel was found to be susceptible to DSA as

evidenced by the temperature independent stress saturation observed between 523 and 723 K. Normalized and tem-

pered MANET II and F82H mod. softens during cyclic loading at all temperatures. In this steel DSA manifestations

were observed on plotting the peak tensile stress di�erence between hysteresis loops obtained at di�erent strain rates.

Strongly abnormal behaviour with higher peak tensile stresses corresponding to slower strain rates was observed in the

temperature range between 500 and 700 K. It is proposed that DSA mechanisms caused by the drag of solution carbon

atoms is responsible for this unusual behaviour. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

High-chromium ferritic±martensitic steels containing

8±14 wt% chromium have received extensive use at ele-

vated temperatures, because of their economical com-

bination of good mechanical and corrosion properties.

They are currently being considered as candidate alloys

in ®rst wall applications for fusion reactor systems. The

pulsed mode operation of fusion devices leads to cyclic

loading at high temperatures of the structural materials

during operation. This fatigue process may be su�-

ciently severe to cause damage to the material.

Among all the studies performed to evaluate cyclic

hardening mechanisms in stainless steels, only a few

investigations were made in connection with the pres-

ence of impurity atoms such as carbon and nitrogen in

interstitial positions. This mechanism, known as dy-

namic strain ageing (DSA), occurs when the rate of

straining is such that the interstitial atoms can di�use

and pin the mobile dislocations.

Although the e�ects of strain ageing on cycling of

steels are already well known [1], they were scarcely

studied on stainless steels. Several authors [2±5] have

reported the strong in¯uence of DSA on the cyclic be-

haviour of austenitic stainless steels. As a result, they all

have found a marked cyclic hardening and an inverse

dependence of the maximum tensile stress amplitude on

both temperature and strain rate in the DSA domain.

Armas et al. [6] have recently analysed the cyclic be-

haviour of the AISI 430F ferritic stainless steel in the

normalised condition and have observed a pronounced

cyclic hardening stage of extended duration when cycled

between 673 and 773 K.

However, several works [7,8] in the literature about

low cyclic fatigue of martensitic stainless steels at RT

and higher temperatures have revealed a cyclic softening

tendency only. These steels were always tested in nor-

malised and tempered condition. The cyclic softening

behaviour is considered to be the result of the rear-

rangements of dislocations previously introduced by the

quenching. Serrations and changes in the decreasing rate

of yield stress and tensile strength in the temperature

range from 523 to 723 K, observed in these steels during

monotonic tensile deformation [9], are typical manifes-

tations of DSA. Although this temperature range
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belongs to the temperature region of interest for the

thermonuclear fusion reactor design, there are scarce

information available on the e�ects of DSA on cycling

deformation and accompanying substructure.

In order to obtain basic information about the DSA

in¯uence on fatigue behaviour of martensitic stainless

steels, low cycle fatigue tests were carried out under

isothermal conditions on type AISI 420, the German

MANET II and the Japanese Reduced Activation

Ferritic Steel F82H mod. The original purpose was to

analyse the cyclic behaviour of AISI 420 with a ferrite-

pearlite structure in order to prove if a cyclic hardening

similar to that observed in AISI 430F is also present.

Since it was not possible to obtain this structure in

MANET II and F82H mod., they were studied in nor-

malised and tempered condition. During tempering at

1023 K, the fully martensitic structure of these steels

transforms into a ferrite matrix with a high dislocation

density and carbide precipitates. In this way, all the

steels under study are composed of ferrite with di�er-

ences in dislocation density and carbide population. The

carbon concentration in the ferritic matrix will be dif-

ferent according to the carbon percentage of the steels.

2. Experimental details

Fully reversed total axial strain controlled low cycle

fatigue (LCF) tests which were conducted in LCF testing

machines equipped with radiant heating facility, INST-

RON 1362 in case of AISI 420 and MANET II and

MTS 810 in case of F82H mod.

Tests were carried out on three types of 9±12% Cr

steels:

1. A commercial type AISI 420 martensitic steel.

2. MANET II, as the European Reference Heat of ferri-

tic±martensitic steels.

3. F82H mod. a Japanese Reduced Activation Ferritic±

martensitic steel.

The chemical compositions of the materials are given

in Table 1. Cylindrical fatigue specimens were machined

with a uniform gauge section of 5 mm diameter and 10.5

mm length, in case of AISI 420 and MANET II and 8.8

mm diameter and 21 mm length in the case of F82H

mod.

According to the purpose of this paper, it is impor-

tant to carry out tests with samples containing the lowest

possible dislocation density to avoid eventual ``hiding''

e�ects. To obtain this condition, the steel AISI 420 was

fully vacuum heat treated for 1 h at 1173 K with slow

furnace cooling. The structure of a ferrite matrix with

pearlite nodules of this annealed steel is shown in Fig. 1.

Annealing conditions for MANET II and F82H

mod. (values for F82H mod. in brackets) were: Aus-

tenitization 1348 K/30 min (1313 K/38 min), air cooled

and tempering 1023 K/2 h (1023 K/1 h), air cooled. A

fully martensitic and d-ferrite-free structure transforms

during tempering into the so-called ``tempered marten-

site'' structure. This consists of elongated subgrains with

walls containing a high dislocation density and mostly

M23C6-carbides lying along prior austenite grain

boundaries and tempered lath boundaries.

An optical micrograph shows the microstructure of

tempered steel in Fig. 2. According to Finkler and

Schirra [10], even under a very low cooling rate, a free

martensite matrix with a low density of dislocations

would be impossible to obtain in this steel.

3. Results and discussion

The LCF cyclic stress response of type AISI 420

stainless steels in the range 300±823 K is shown in Fig. 3.

The set of curves was obtained using the same total

strain range of Det� 0.01 and strain rate of 2 ´ 10ÿ3 sÿ1.

All curves show a short initial hardening stage fol-

lowed by a saturation period independent of test tem-

Table 1

Chemical analysis of materials

Steel Element wt% (Fe bal.)

C Si Mn S P Cr Ni W Mo V Ta Nb

AISI 420 0.27 0.36 0.35 0.02 0.03 12.3 0.13 ) 0.07 0.04 ) 0.03

MANET II 0.11 0.18 0.85 0.004 0.005 10.3 0.65 ) 0.58 0.19 ) 0.14

F82H mod. 0.09 ) 0.156 ) ) 7.68 0.021 2.2 0.003 0.162 0.03 0.01

Fig. 1. Microstructure of fully annealed AISI 420.
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perature. This saturation stage remains up to failure,

except in some cases where the stress slightly decreases.

The predominant feature of the ®gure is the small vari-

ation among saturation stress values of each curve in the

temperature range between 523 and 723 K.

The fact that the saturation stress is independent of

temperature, between 523 and 723 K, suggests that DSA

in¯uences the cyclic behaviour of the steel. Dislocation-

solute atoms interactions would become temperature

independent in this temperature range and for the

speci®ed mechanical conditions. However, no pro-

nounced cyclic hardening was observed in this steel. On

the other hand, pronounced hardening was reported

previously [6] at 723 and 773 K in a normalised AISI

430F ferritic steel. In this ferritic steel the normalizing

treatment produces a carbon supersaturated solid solu-

tion in the matrix. The structure of fully annealed AISI

420 steel also consists of a ferritic matrix with a signi®-

cant amount of carbides that had precipitated during

furnace cooling. In this way, the carbon concentration in

the matrix is smaller than in the normalised AISI 430F.

Taken into account the above, it is adequate to assume

that only solid solution strengthening would be the most

important cyclic hardening mechanism in AISI 420 cy-

cled in the DSA region. However, as a consequence of

the lower carbon concentration, it would not be strong

enough to produce an enhanced dislocation multiplica-

tion during cycles to cause a pronounced cyclic hard-

ening.

In order to identify the DSA in¯uence on the cyclic

behaviour of normalised and tempered MANET II, the

peak tensile stress dependence on the strain rate was

examined at di�erent temperatures. Tests with total

strain range of 0.006 were performed in the following

way on sample 1: They were started at a temperature of

423 K and after 200 cycles increased stepwise to 521,

577, 623, 673, 723, 773 until 823 K. At each temperature,

the strain rate was changed ®rst from strain rate 1 of

1.5 ´ 10ÿ3 sÿ1 to strain rate 2 of 1.5 ´ 10ÿ4 sÿ1 and then

to strain rate 3 of 1.5 ´ 10ÿ5 sÿ1. Finally, the test was

®nished by cycling at 623 K with the initial strain rate 1

of 1.5 ´ 10ÿ3 sÿ1 up to failure.

For comparison the tempered sample 2 was totally

cycled at 623 K with the initial strain rate. Fig. 4 shows

the mechanical behaviour of samples 1 and 2 of tem-

pered MANET II. Both samples soften independently of

test temperature. Sample 1 was tested at 623 K during

two steps, ®rstly, after three lower temperature steps and

secondly after four higher temperature steps. Sample 2

coincides with the ®rst step of sample 1 cycled at 623 K.

It can be suggested that the structure developed in

sample 1 during the three lower temperature steps would

be similar to that developed in sample 2 at this state. On

the other hand, the second cyclic step at 623 K of sample

1 after four higher temperature steps presents a similar

cyclic softening rate as sample 2. But peak tensile

stresses of sample 1 are smaller than those of sample 2.

These two e�ects could be rationalised on considering

that tempered MANET II softens by fatigue loading due

to a rearrangement of the transformation induced dis-

location substructure into a lower dislocation density

Fig. 3. Cyclic stress behaviour of AISI 420.

Fig. 4. Cyclic stress behaviour of MANET II.

Fig. 2. Microstructure of tempered MANET II.
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and lower internal stress. Alvarez-Armas et al. [11]

proposed for the accelerated softening observed during

thermal fatigue of MANET I (other variant of the

German steel DIN 1.4914), that a synergetic process

between high temperature and mechanical cycling im-

proves the recovery process promoting the development

of an equiaxed subgrain structure. It is proposed that the

resulting structure formed in sample 1 after the three

lower temperature steps is a consequence only of the

cyclic process without an appreciable temperature in-

¯uence. On the other hand, the structure formed after

the four higher temperature steps would be in¯uenced

by both, temperature and mechanical cycling, becoming

softer due to a lower dislocation density as a product of

recovery.

According to the experimental procedure previously

described, strain rate changes were carried out. De®ning

Dr1 as the di�erence between peak tensile stress of

hysteresis loops with strain rate 1 of 1.5 ´ 10ÿ3 sÿ1 and

strain rate 2 of 1.5 ´ 10ÿ4 sÿ1 and Dr2 as the corre-

sponding to strain rate 1 of 1.5 ´ 10ÿ3 sÿ1 and strain rate

2 of 1.5 ´ 10ÿ5 sÿ1. Fig. 5 shows both peak tensile stress

di�erences as a function of temperature. Negative values

in the curves are related to a ``normal'' behaviour with

lower peak tensile stress for the slower strain rates. Be-

tween 500 and 700 K an anomalous behaviour region is

observed with higher peak tensile stress corresponding

to the slower strain rates. Both curves present a maxi-

mum at approximately 623 K. Positive values in these

curves clearly indicate that higher stresses are required

to reach the imposed strain amplitude for slower average

dislocation velocities. It is proposed that this velocity

dependent strengthening e�ect could be attributed to

DSA. In the temperature range from 500 to 700 K solute

atoms acquire enough mobility to di�use to the dislo-

cation cores producing a drag e�ect on the mobile dis-

location. This drag e�ect will be more pronounced for

the slowest dislocation velocities.

LCF tests of reduced activation ferritic steel F82H

mod. have been performed at 823 and 923 K with two

di�erent total strains and a strain rate of 3 ´ 10ÿ3 sÿ1.

Fig. 6 shows that softening occurs since the beginning of

the tests independent of temperature and total strain

amplitude.

The noticeable variation between the initial softening

stage of curves with the same strain amplitude for both

test temperatures suggests that no DSA in¯uences of

cyclic behaviour of this steel could be detected. The

absence of strain ageing in this steel could be attributed

to the higher temperature range of the tests.

4. Conclusions

In order to evaluate the in¯uence of DSA during

fatigue, low cycle fatigue tests were performed on three

ferritic-martensitic stainless steels in the temperature

region between room temperature and 823 K. The main

results obtained are the following:

1. For full annealed type AISI 420 steels, a temperature

independent saturated peak tensile stress was ob-

served between 523 and 723 K.

2. Temperature and strain rate change tests were carried

out on normalised and tempered MANET II. Cyclic

softening was observed between 423 and 823 K.

3. Anomalous mechanical behaviour characterised by

higher peak tensile stresses of the hysteresis loops cor-

responding to lower strain rates was observed in the

temperature range between 500 and 700 K on MA-

NET II. This e�ect could be attributed to DSA.

4. During LCF-tests of the RAF steel F82H mod. no

DSA in¯uences of cyclic behaviour could be detected

at temperatures above 823 K.

Fig. 5. Peak tensile stress di�erences vs. temperature measured

on MANET II. Dr1: 1.5 ´ 10ÿ4 sÿ1 ) 1.5 ´ 10ÿ3 sÿ1; Dr2:

1.5 ´ 10ÿ5 sÿ1 ) 1.5 ´ 10ÿ3 sÿ1.

Fig. 6. Cyclic stress behaviour of F82H mod.
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