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1. Abstract

The present study proposes a comparison betweemnasevartensitic and ferritic
steels in terms of creep strength and cyclic softereffect. The damage
mechanisms are identified using fractographic olseEms and the
microstructural evolutions are observed by TEM. e Téffects of a modified
chemical composition on the high temperature mechbhehaviour are studied.

2. Introduction.

In the framework of Generation IV nuclear reactamsl for fusion reactors, oxide
dispersion strengthened (ODS) steels and advaneeéragtions of 9-12%Cr

martensitic steels are widely investigated [1-4¢v&al components in these
concepts will be subjected to mechanical loadirgsep, creep-fatigue,...) at high
temperatures, between 550°C and 650°C. A high cséegmgth coupled to an

improved microstructural stability during defornwatiare two key properties for
such applications.

The creep strength of the standard commercial ss{ggbpically P91) is derived

from the materials properties in the as-receiveuditmns for such applications.

However, recent studies [5-8] have shown that tieastructural evolutions that

occur during cyclic loading (subgrain coarsening decrease of the dislocations
density) can lead to a drastic deterioration of ¢heep strength (the minimum
creep rate can be 100 times faster). Under the icmubcreep-fatigue loading

condition, the microstructural stability of conviemial 9-12%Cr steels is therefore
a key issue.

In the present article advanced 9-12%Cr steel$udiryg their ODS grades, are
tested under creep, fatigue and creep-fatigue tondi The mechanical tests
results, as well as the optical, SEM and TEM olatgous are reported. These
results are finally discussed in terms of defororatmechanisms and lifetime
prediction [9].

3. Materials and mechanical tests.



Four different steels were tested in the presemtyst

1) A commercial martensitic P92 steel produced by atkc
Mannesmann.

2) and 3) Two laboratory martensitic steels reinforeeith either
0.007% of boron (B-added VY2 steel) or 0.2% ofriten (Ti-
added Til steel) steel produced by Aubert & DuBalth materials
were austenitized at 1200°C for 30min and tempatet20°C for
10h.

4) A ferritic ODS steel containing 14%Cr and 0.3% ¥ obtained
by powder metallurgy and hot extrusion processksh Gaclay.

Creep tests were carried out both at 550°C and@®%0° B-added and Ti-added
steels (see table 1) and the results obtained acmahpaith those published for
P92 and ODS steels. Fatigue and creep-fatiguewests carried out at 550°C on
these four materials. More details about theseifspéesting procedures and the
TEM examinations can be found in [6,10].

Stress Minimum creep

Material [ (MPa) [ T (°C) Status Lifetime (h) rate (h™)

Ti-added| 235 550 broken 253 1.88x10
Ti-added| 235 550 broken 137 2.49x10
B-added| 235 550 broken 197 2.63x10
B-added| 235 550 broken 274 2.46x10
Ti-added a0 650 unbroken >2260 <5.38x10”’
B-added| 90 650 unbroken >1700 <2.27x107
Ti-added| 200 550 unbroken >2185 <2.55x10°
Ti-added| 60 650 unbroken >2067 <2.00x10™"
B-added 60 650 unbroken >2156 <3.31x10°

Table 1 - Creep tests carried out on VY2 and Til ntarials.
4. Results
4.1.Creep tests

ODS steels are known to present a much higher @teepgth at high temperature
than conventional martensitic steels [11]. Howewe creep properties of
conventional martensitic steels have been contisiyoumproving [12-13] and
constant efforts are still being made to improveirticreep strength. The better
creep strength of steel P92 compared to steel BSlaheady been reported and
tabulated [14]. Figure 1 presents the results oftdime creep tests carried out at
550°C on B-added and Ti-added steels compared 1o a&®P35MPa. At this
temperature and for such high stresses, where cieemainly driven by
dislocation glide, B-added and Ti-added steels gmiesa much poorer creep
strength than conventional P91. However, in figBreresults of two currently



running tests carried out at 650°C and at 90MPgpegsented. For this loading
the creep lifetime of P91 is around 1000h (as showfigure 2) compared to
around 9000h for P92. Under these conditions #abiour of the B-added steel
is somewhat better than P91, while that of theddeal steel can be expected to
be just as good as P92 if not better.

4.2 Fatigue and creep-fatigue tests

Figure 3a presents the pure fatigue lifetime of ,A®42, B-added, Ti-added and
the ODS steel expressed in terms of the plas@instange applied at 550°C. All
these tests were done under the total strain dorR81 and P92 present very
similar lifetimes, whereas, the Ti-added and B-adsteels are significantly less
resistant. Finally, the 14%Cr ODS steel is thetleasistant to fatigue for a given
applied plastic strain. However this test was edrmout at the same total strain
than those on B-added and Ti-added steels, the rnigtter yield stress of the
ODS steel explains the very low plastic strain eggblAnd expressed in terms of
the total strain applied, the ODS steel preseriietime as good as P91 or P92
and better than B-added and Ti-added steels (figo)ye

Figure 4 presents the variations of the stresseraiging cycling for pure fatigue
and creep-fatigue tests carried out on P91, B-gdtieadded and the ODS steel.
In addition to having a shorter lifetime than P8tadded and Ti-added steels,
these steels also present a stronger and fastdic gaftening effect. This
softening effect is even more pronounced underpefaeggue loading than under
fatigue loading, which is not the case for P91 urile same conditions. On the
contrary, the ODS steel shows a good stabilitytieeisoftening nor hardening)
of the measured stress until final fracture.

Figure 5 shows SEM and optical observations on @ddsteel after pure fatigue
(A& = 0.7%) and creep-fatiguéds; = 0.7% andecreep = 0.5%) tests. These
observations are representative of both B-added Taratided materials. They
confirm the fact that two types of damage occupeteling on the loading, as
previously identified on P91 steel [10]. Indeed, lfwv applied strains, cracks are
narrow and highly branched, whereas for higheriagptrains, cracks are much
wider, completely filled with oxide. In addition the second case, cracks seem to
initiate through the brittle fracture of the oxisieale.

Figure 6 presents TEM observations of the B-addeel an the as-received
conditions, after pure fatigue and after creepytagi As previously observed on
P91 steel, the initial martensitic microstructuseunstable (subgrain coarsening,
decrease of the dislocations density) under cyoading and this is correlated to
the cyclic softening effect [5]. However, in theepent case, the initial subgrain
size is significantly smaller than that of P91. &ddition, although TEM
measurements were not carried out on the P91 saestied in pure fatigue at
Agir = 0.7%, other measurements show that the mearraobgjze should be
between 0.7 and 1.1um. That is, the subgrain diee fatigue is smaller than



after creep-fatigue. Surprisingly enough, for B-edichnd Ti-added, this is not
true: pure fatigue leads to a larger subgrain giaa creep-fatigue (table 2). No
significant precipitate coarsening was measured.



As received After fatigue After creep-fatigue (A€t =
material (ASfat = 0,7%) 0,7% and Ecreep = 0,5%)
B-added 0.12 1.07 0.54
Ti-added 0.085 1.27 1.06
P91 0.37 NA 1.1

Table 2 - mean subgrain size (in um) measured on P9Ti-added and B-added steels from
TEM observations on several specimens. The numbef analysed grains varies between: 500
and 5000.

5. Discussion

The present results clearly show that reinforcenvéttt boron or titanium (B-
added and Ti-added steels) does not lead to arowaprent in creep or fatigue at
550°C. However, this might be due to heat treatm#rdat were not optimized for
these first trials. The most negative point is tihat microstructure is found to be
even more unstable than for P91 or P92 steelsethdéthe subgrain size after
loading is comparable to that measured on P91,rdkie between this final
subgrain size and the initial one is much higherchSincreased instability is
coherent with the more pronounced softening effegiorted in figure 4. At
650°C, on the contrary, the creep behaviour ofdlstsels is very promising.

This difference in behaviour at between these twoperatures can probably be
explained in terms of the deformation mechanisnmleéd, at 550°C, the

deformation mechanism is mainly driven by dislomatglide, whereas, at 650°C,
the applied stresses are much lower and the cbngahechanism should be
linked to diffusion processes. This suggests that fgrecipitates present in B-
added and Ti-added steels are more stable at éigpetrature than those of P91,
leading to a better creep resistance when diffusiod precipitate stability are
involved. However, the heat treatments applied dbemable to obtain a stable
martensitic microstructure, which is then easilydified by dislocation glide at

550°C.

These results show that both the chemical composdind the heat treatments
must be optimized to improve both the cyclic anel¢heep behaviour. Depending
on the loading temperature, the deformation mecmasmiare modified. Therefore,
obtaining a stable precipitation state (necessangnwdiffusion processes are
involved) is not enough. Stabilizing the subgrabuibdaries is also a major issue.

In addition, in terms of fatigue lifetime, B-addedd Ti-added steels exhibit a
significantly shorter lifetime than P91 and P92elge However, the damage
mechanisms seem quite similar. In a previous sf{@jlya lifetime prediction

model was proposed. In this model, the number afesyto crack initiation is

calculated using the Tanaka and Mura [15] formilais number of cycles to
crack initiation is inversely proportional to theamn diameter. For P91, the grain
diameter was around 20um, whereas for Ti-addedBaadded steels, the grain
diameter is close to 300pum, which means that thabewm of cycles to crack



initiation is about 10 times lower than for the P&gel. This grain size effect
seems to be the reason for the shorter fatigueniés observed on Ti-added and
B-added steels.

On the contrary, the ODS steel tested here, presenery stable behaviour even
under cyclic loading as previously shown on 9%CrSddeel [16]. This is quite

promising for creep-fatigue design since no micragtiral evolution occurs.

Therefore, the mechanical behaviour measured in aheeceived state still

applies all along the lifetime, contrary to 9-12%@zels.

6. Conclusions

Creep, fatigue and creep-fatigue tests were caaugan several 9-12%Cr steels
and a 14%Cr ODS steel. Two laboratory producedssteginforced with either
boron or titanium, were also tested.

The results obtained show that precipitates formdabron or titanium modified
heats are more stable during high temperature ®5@teep than in P91.
However at lower temperatures (550°C), where, dation glide and the stability
of subgrain boundaries are the main deformatiortrobbimg mechanisms, these
two steels are less stable and present shortémés than P91. This is probably
due to inadequate heat treatment used that leacd tmuch finer initial
microstructure (subgrain size three times smaliantfor P91).

The ODS steel proved to be more stable under cgeliormation, in addition to
having a much better creep strength.
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Figure 1 - Creep curves on Ti-added and B-added st&s compared to P91 (550°C and

235MPa).
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Figure 2 - Creep curves of Ti-added and B-added stés at 650°C and at 90MPa. Tests are
still running.
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Figure 3 - Pure fatigue lifetime for P91, P92, Ti-dded, B-added and a 14%Cr ODS steel at
550°C expressed in terms of the plastic strain rarggapplied.
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Figure 4 - Stress evolution under pure fatigue (PFAgq; = 0.7%) and creep-fatigue (CF :
Agr; = 0.7% andéggeep = 0.5%) loadings at 550°C.
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Figure 5 - SEM fractographic (a and c) and optical(b and d) micrographsof the cross
sections of B-added steel after (a and b) pure fatiie loading and (c and d) creep-fatigue

loading.

Figure 6- Bright field TEM observations of B-addeda) in the as-received condition, b) after
pure fatigue loading and c) after creep-fatigue loding.
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