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ABSTRACT

The effect of strengthened elements@yand TiQ) on the microstructure has been investigated wi4er-1W
based ferritic steels. Titanium content and/or m@uraction of yttria range between ~ 0 up to OtBw

The volume fraction of nanoparticles is shown tatoml the grain size whereas titanium content hagyaificant
influence on the chemical homogeneity. Martensitase was obtained on a Fe-14Cr-1W based ferréal sfter
consolidation by Hot Isostatic Pressing because laigher content of carbon. A relationship betweertensite
phase and chemical heterogeneities was evidencedwirgh a chemical partitioning phenomenon. This
phenomenon was also observed on ODS ferritic stesitaining a low content of titaniurg Q.05 wt%) however
microstructural parameters, such as size and voftamgon of nano-precipitates and grain size, sr@wn to delay
the formation of martensite during cooling by desiag the value of critical cooling rate.

Thermodynamic calculations indicate that the minitit@nium content to get a microstructure with ¥0f ferrite
is about 0.09 wt%.

Keywords:ODS ferritic steel, Chemical heterogeneities, iRaning, Martensite

1. INTRODUCTION

For the next generation of nuclear reactors (GEN), I\Dxide Dispersion Strengthened (ODS)
ferritic/martensitic steels are studied as potémtaterials for nuclear fuel cladding applicatidihey have been
studied over the last decades owing to their goedhanical properties (i.e., in particular improvemef high
temperature creep properties due to structuralemémg by an adequate oxide dispersion) and theaielnt

resistance to swelling under irradiatidn3].



The prime requirement for the performance of OD&elstis to obtain a distribution of nanometer-sizéde
particles homogeneously distributed inside the ma@DS ferritic/martensitic steels are thus usualbborated by
powder metallurgy. A pre-alloyed powder, previouatgmized, is milled with yttria powder {9s) using a high-
energy attritor under a protective atmosphere.

Atom Probe Tomography (APT) and Small-Angle Scaite(SAS) investigations have shown that Y, Ti and
O are dissolved, at least partially, and driversatid solution during high-energy ball millifg-6]. Finally, the
mixed powder is canned and consolidated by Hotusiin (HE) or Hot Isostatic Pressing (H[FP)8]. Recently,
Spark Plasma Sintering (SPS) processes have bednaisonsolidate the milled powder in severalisgi@-10].

The microstructure of ferritic/martensitic steeliagly depends on these consolidation proceidsed?] but
also on the chemical compositifitB-14]. The combination of powder metallurgy processeuith the presence
of a dispersion of nano-oxide results in a very lbgyain size, partly sub-micrometrid3, 15] The grain size
distribution is frequently bi-modal, due to complaknormal grain growth mechanisifis]. Furthermore, as
illustrated by Al-Mangour irfFig. 1[17], low chromium content (< 12 wt%) steels presephase transformation
a — y above about 850°C. An understanding of the phisiegallurgy of low activation 7-11%Cr martensitic
steels have been carried out by Alamo efla] to optimize the microstructure and thus the meidahproperties.
Moreover, Brachet et aj19] shows that the critical cooling rate values fortemasite/ferrite occurrence depends
on the prior austenitic grain size, which is alsorelated to the addition of nano-particles. A lowsgor austenitic
grain diameter induces a higher critical cooling nealue.

As illustrated inFig. 1, there is no phase transformation at high tempegdor steels with chromium content
above 13 wt%; only ferritic steels are obtairjgd]. Due to the high content of chromium, the corrosamnd
oxidation resistance of ferritic steels are impaeempared to lower chromium containing martensitielg21].

In recent studies, martensitic microstructure hesnbobserved in Fe-14%Cr steels consolidated bywitirout
powder metallurgy process route (high energy ng)lifi3,22] Nevertheless, the occurrence of this martensitic
microstructure is still unclear.

In this context, the aim of the present work istiody the phase transformations of un-strength&meti4Cr
ferritic steels and compare with several ODS fergteels to understand the effect of the nandgbastaddition on
the occurrence, or not, of cooling martensitic ghransformation. For the different re-inforcedrifer steels

studied here, different contents of titanium angfttiia have been introduced to study the effecstogngthening



element on the microstructure. In order to avoil ¢bmplex microstructure obtained by hot extrugelongated
grains, nano-particles, high dislocations densigystallographic texture]23-24], every material has been
consolidated by Hot Isostatic Pressing (HIFhey are all based on the same matrix chemical ositipn, with
14%Cr and 1%W. The volume fraction and size of exmarticles have been monitored by adding different
amounts of Y and Ti.

The microstructure of these different materials Heeen characterized by a combination of different
experimental technics. The grain size and morpholugve been evaluated by Scanning Electron Micmsco
(SEM) coupled with Electron BackScatter Diffracti@EBSD) analyses. Electron Probe Micro Analyzer NE§
has been carried out for chemical analyses. ThHenphase transformations have been studied byowufiéity

(DIL) and calorimetry (CALO).

2. MATERIALSAND METHODS

Fe-14Cr ferritic steels re-inforced by a fine oxidispersion were produced by mechanical alloyinge T
mixture contains a pre-alloyed powder angDY and/or TiH powders. A Union Process SDO1 attritor has been
used for ball milling under argon atmosphere forhlhe ball-to-powder ratio was 15:1. In orderatmid any
contaminations of Y or Ti for the un-strengtheneatenal, the atomized powder was not milled. Alplers (ball-
milled state or atomized state) were canned andaled for two hours at intermediate temperatur® (80400°C
depending of the material) to reduce the amounixgfen. Finally, each materials were consolidatetil@0°C by
Hot Isostatic Pressing (HIP) (1900 bars, 2 h).

The compositions (in wt%) of each ferritic steels given inTable 1 The base alloy composition is the same
for every material with approximately 14% Cr and Y96 Ti and Y content have been adjusted to studyeffect
of strengthening and contamination elements omticeostructure, and notably on the phase transfoomaFour
different ferritic steels have been elaboratedumsstrengthened materidl$) with no addition of Ti and Y, a low
strengthened materidl §) with a low fraction of Ti and ¥Os, a reference materiaRéf) with a fraction of oxides
typical of most of the ODS types materials studiedhe literature and a material based on Reé alloy but

without Ti (WTi).



The microstructure of all materials were examindthva Field Emission Gun SEM JEOL JSM-7001FLV
apparatus with a voltage of 20 kV. Samples werehaugically mirror polished followed by electropolisy, using
an electrolyte containing 70% of ethanol, 20% bf/ktne glycol monobutyl ether and 10% of perchlaeal, used
at 5°C with a tension of 27 V during 30 secondsltow the EBSD analysis.

Chemical analyses, filiations and concentration snapre performed on a CAMECA SX-100 Electron Probe
Micro Analyzer (EPMA).

Dilatometric measurements have been carried oub witmodified DT1000 ADAMEL-LHORMARGY
apparatus. Rectangular samples (12x2xZntrave been treated with a heating rate of 10°@/®uhe target high
temperature and a cooling rate from 0.1°C/s to C0f°Moreover, calorimetric measurements were péstormed
with a SETARAM-multi-HTC high temperature calorireetlt enables us to heat samples with a typicasmd.g
until 1400°C under inert gas (argon). The heatiatg was 10°C/min whereas the specimens were codthca

furnace shutted off.

3. RESULTS

3.1.  Microstructural characterizations

Figs.2a and b show the microstructurels andRef ferritic steels for the same magnification. As ected, the
grain structures of these two materials are isatrepthout crystallographic texture compared to katruded
materials[12]. These grain structures are also observed fotvibeother ODS ferritic steels. With or without Ti
and Y203, the microstructure is bimodal for each materibvertheless, one can see that the un-strengthened
ferritic steel exhibits a microstructure with larggains (10-50 pm). On the contrary, our previsugly[13] has
shown that the studied ODS ferritic steels are amsug of large grains with a maximal size closeGquin and
very small grains (100-300 nm), which have beereolesl at higher magnification. This microstructud#lerence
is likely related to the consolidation method, whitas been carried out directly after powder atation for the
US material. Moreover, the grain sizeld$ steel is higher due to the lack of nano-oxidesciwmay pin the grain
boundaries. As suggested by recent studid2], martensite phase was observed inUsamaterial as illustrated
Fig. Z. Then, small grains are observed on ODS fereielstwhereas martensitic blocks replace these gmadtis

for theUS material.



From EBSD maps realized at different magnificatjotitee mean grain size and surface fraction of small
grains/martensite areas have been estimated. Teegiwen inTable 2 If we compare théJS, LS and WTi
materials, it is interesting to note that the stef&action of small grains or martensite blocksréases with the
titanium content. It probably explains why the aggr grain size df Sis lower compared tBef material.

Coarse precipitations, located at more or lesalaircgrain boundaries, are also observedrilm 2a. Those
particular locations should correspond to the ahiurface of atomized powders. Furthermore, tlandter is
about 80 um, which is consistent with the averagmaed powder size. The precipitation state oheaaaterial is
given in Table 2 As discussed inl13], the average nano-particles size and their volinaetion have been
determined by Small Angle X-Ray Scattering (SAXS®asurements. As expected, W@ material is free of nano-
oxides. Furthermore, the oxides volume fractiothefL S ferritic steel is lower than that of tiRef material. From
the comparison between the ferritic without titamiand the reference material, it appears that\ibeage size of
oxides increases and thus the volume fraction deese when the titanium content decreases. It igood

agreement with Dou et al. results!].

3.2.  Chemical analyses

For every material, chemical analyses have beamedanut using EPMAFig. 3 shows the EPMA maps for
each element analyzed (Cr, W, Ti, Al, O and Y). Blbrthe studied ferritic steels, with or withouit dhd Y.Os,
localized oxygen enrichments have occurred. Thaggem enrichments present a shape looking like omas-
milled powder particles for th&/Ti, Ref andL S materials whereas the oxygen segregations oUienaterial
have spherical shape as the former atomized popaiécles. A correlation between O, Ti and Al segitens can
be noted on th&kef andL S materials whereas chromium or aluminum oxidescadserved for the two other
materials without titanium. Filiations of strengtieel materials presented kigs. 4 highlight the fact that these
oxygen segregations are located at some precgntaites, as can be deduced from the observatiopsnatual
maxima. Moreover, the quantitative analyses confihe association between O and Ti or O and Cr with
sometimes some local enrichment in Al.
Despite O, Ti and Al segregations, at the EPMA orineter scale, a good homogeneity is observed toRéh
ferritic steels, especially for the Cr and W EPMAps. On the contrary, segregations of Cr and \Wlaserved for

the WTi, LS andUS EPMA maps. W segregations have been observedthgoena martensitic 9Cr ODS steel



after HIP, HE and heat treatmef#t5]. Moreover, Cr segregations were noticed on a K&-ldased alloy
consolidated by hot uniaxial pressif#§]. It is interesting to note that the ratio of CndaW-rich areas increases
with the titanium content. Indeed, the un-strengédtematerial is only constituted by 14% depletedesoagainst
43% and 38% respectively fariS andWTi ODS steels. The area fractions of Cr- and W-deglebnes have been
estimated using an image processing software on/ERMps. It can also be noticed that the ratio oftemsite
blocks in the US materials estimated by EBSD amalyEable 2 is closed to the area fractions of Cr- and W-
depleted zones.

A complementary study has been realized with EPMa&lyses on th&)S material. Quantitative analyses have
been carried out to match segregations of Cr antb¥érved on the EPMA maps within the matrix. Thiatfon
goes through large grains and martensitic blocks.illustrated inFig. 5 a relationship between Cr and W
concentrations and grains is highlighted. The langéns are composed of ~ 14.3 wt% Cr and ~ 1 wtdvWreas
the concentration of these two elements is lowemiartensitic blocks (~ 13 wt% Cr and ~ 0.7 wt% W
respectively). The same tendency was observedhédr $ andWTi steels. Indeed, the large grains are associated
to the Cr- and W-rich zones. However, it was mafécdlt to underline the relationship between thepleted
areas with the small grains.

In a general manner, segregations of Cr and W baea observed on material containing a small amounb
titanium at all. These segregations suggest tharmmuce of chemical partitioning during the thermeehanical

treatment.

3.3.  Phase transformations
To characterize the phase transformations of eamtehmaterial, dilatometric and calorimetric measuents
were carried out. Tests were done under protectiw@sphere (argon or helium) to prevent oxidatibiigh

temperature.
. . . . (AL " ,
Fig. 6a shows the evolution of the relative thermal exmm(L—) of the Ref ODS ferritic steel with the
0
temperature. The thermal cycle is the following:

- From room temperature to 1100°C with a heating sate0°C/s

- Holding at 1100°C for 1 minute



- Cooling from 1100°C to room temperature with a daguienching (100°C/s).

Despite this very high cooling rate, it can be st there is no inflexion points, correspondiagliotropic
phase transformations, which could occur duringhbating and the cooling steps. Dilatometric téstge also
been carried out 0dS andL S materials using the elaboration conditions (heatip to 1100°C with a cooling rate
of 0.2°C/s close to HIP conditions). As illustratedFigs. & and c, martensite is formed for thk&S whereas
austenite is transformed into ferrite during coglfor theL S material. As highlighted by Brachet et |I9], this
difference could be due to the effect of the paiostenite-grain size.

Calorimetric tests were also carried out and confihat theRef material presents no phase transformation
despite an endothermic and an exothermic peak wxs@tose to 700°C respectively during heating emaling
steps Fig. 7). These peaks correspond to the Curie temperatnieh is usually observed for ferromagnetic
materials[27-28]. During the calorimetric tests, the cooling rataswclose to 0.5°C/s, which corresponds to a
cooling with a furnace shutted off. However thigler of cooling rate should varied during the caplitue to
furnace inertia.

On the contrary, the DSC curve bfS steel shows a small endothermic inflexion near°8@8@uring the
heating. This endothermic peak is also observeardsv870°C and 840°C respectively for W& i andUS steels
during heatingKig. 7a). It likely corresponds to a phase transformatiom ferritic phasex to austenitic phasg
During cooling Fig. 1), WTi steel is the only steel which exhibits an exotherpeak at temperature close to
800°C. This peak likely corresponds to the backdi@mation of austenite into ferrite. InversehsO curves of
US andLS ferritic steels show an exothermic peak at loveangerature (310-330°C) during coolingid. 7o),
which is usually associated to the martensitic dfamation. It means that the austenite is transéor into
martensite for these two steels. A variation ofdgheet temperature.Awith Ti and YOz contents can be noticed.
Defining Aci as the onset temperature angk As the end temperature, the DSC plot was usedltolate the
enthalpy associated with the ferrite to austenitasp transformation. The phase transformation grytl{AH*")
was calculated for each material. Furthermorerdltie of transformed ferrite was determined usinthalpy value
of ferrite to austenite transformation of a Fe-%frel[29]. Table 3gives the calculated enthalpy and austenite
content values. For each material, the austenitéents indicate that the phase transformationgareomplete
during heating. Furthermore, a good agreement legtwhe estimated austenite content and the Cr-Vénd

depleted areas, and thus with the surface fradfie@mall grains/martensite blocks can be noticed.



In order to draw the Continuous Cooling Transfotioret diagram (CCT diagram), several dilatometratddnave
been carried out on tR&Ti ferritic steel. Cooling rates applied were randiegween 0.1°C/s and 100°Cig. 8
shows a partial or complete martensitic transforwnatvhen the cooling rate is higher than 0.5°Clstily the HIP
process, the cooling rate was about 0.2°C/s. Dilatdc results show that for this low cooling ratteere is no
martensitic transformation, which is in good agreahwith the as-received microstructural obserwvetio

As illustrated by dilatometric and calorimetric teesferritic steels containing a low or no titaniwantent
exhibit a phase transformation framto a + y during heating. Thus, this partial austenitizatygmerates chemical
partitioning of alphagene chemical elements suc@raand W, explaining the existence of Cr and Weagated

areas in the final microstructure.

4. DISCUSSIONS

4.1.  Effect of titanium content

In this work, the effect of titanium on the micnastture and the phase transformation have beeiestwdth
an ODS Fe-14Cr-1W steel without titanium.

First, titanium, aluminum and oxygen segregatioesenobserved on EPMA maps in ODS Fe-14Cr-1W steel
with titanium. It corresponds to coarse precipiatusually observed on ODS ferritic stegd6]. According to
Cunat[31], titanium has a higher affinity with oxygen andtmn than chromium. On the contrary, when there is
no titanium, Cr-rich particles are formed. As olveerby Olier et al[32] and Auger et a[20], these large particles
could be chromium oxides and/or carbides type (#&3Cs. Concerning the nano-particles, increasing size wa
observed when titanium content decreases. Thistelfffas been previously observed by Okuda ef3&l. and
confirmed by Alinger et al., Kim et al. and Rattiad [4, 34-35]

Microstructural results show that an effect ofritan content is anticipated on the phase diagrawedd,
depleted zones of Cr and W have been observedhéofferritic steels containing an extremely low gero)
titanium content whereas tef material shows no segregations of Cr and W. EPBKAIts highlight the fact that
these heterogeneous zones are associated to ntart@osk for US material and small grains f&wS and WTi
materials. According to dilatometric and DSC meaments, these three ferritic steels present a clagmi
partitioning during the HIP process due to the imptete austenitization leading to a two phasey metallurgical

state at high temperature. Thus, a part of feisiteansformed into austenite. Nevertheless, titans known to be



an alphagene elemej#l]. Moreover,Fig. Sa shows the calculated Fe-Cr-W ternary diagramsioavs that there
is no a +y phase field extending up to 1100°C for a Fe-14@fr-ferritic steel. It would mean that these
microstructural heterogeneities are due to the gageme elements such as nitrogen, carbon, nickebhoganese.
Table 4gives the concentration of Ni, N, C and Mn forleawdel material. Mass contents have been meabyred
Inductively Coupled Plasma analyses. According tmaZ[31], nickel does not impact thephase field of a Fe-
17Cr when the concentration is lower than 2%. Chahwnalyses show that the average mass contestrue
exceed 0.22% and thus is not enough to impact lthseptransformations. Although considered as a gayane
element, Mn may have limited effect on the phaaesfiormation for the content experienced here.ddde would
have no significant influence on the austeniticgghfield but may affect the phase transformatioretics upon
cooling[31]. Thus, chemical elements, which may have the gasininfluence on the austenitic domain, would be
nitrogen and carborkig. % indicates that the carbon has an important nolthe bimodab + y domain. Indeed, it

is observed that the size of thetr y phase field increases with the carbon content.sMastents of C vary from
0.01% for theJS material to 0.03 — 0.05% for the ODS ferritic det means that strengthened ferritic steels may
present phase transformations however this ishetase foRef material. It is known that titanium is a strong
carbide-forming elemeriB88] which reduces the mass content of carbon in solidtion and thus avoid the phase
transformation up to high temperatures. As obseivedrecent studiB9], the lack of titanium, and thus titanium
carbide, would thus explain the appearance tfa + y transformations during heating 06 andWTi materials.

Fig. 1Ga shows the pseudo-binary phase diagram, calculstéthermocalc software (TCFE7 database)Reff
material with a variation of C content. The titamiwwontent used for this computation is the massegoerof Ti
which is not trapped into the nanometric oxides iYAT This titanium content was estimated by a nizdance
calculation. The red dashed line corresponds tarthss content obtained by quantitative analy$eslé 9. It
appears that thReef material crossed the ferritec domain at high temperatures, which is in good ement with
dilatometric and calorimetric measuremensg¢. @ and7). Inversely, a Fe-14Cr-1W without Ti exhibits a
restricteda phase domain with the increase of carbon contégt {(b). This C-effect on the phase transformation
was suspected by OKa5] but it was not clearly demonstrated. The pseudasyi phase diagram shows thed
(0.03 wt%) andWTi (0.05 wt%) ferritic steels experienced phase fansations upon heating. TheRig. 1

gives the evolution of phase transformation witartium content of a Fe-14Cr-1W-0.3C steel. It cardbduced



from this plot that the lowest titanium content solid solution to obtain a 100% Fe-14Cr-1W ferrisiteel

containing 0.3% C, is around 0.09 wt%.

4.2.  Effect of nano-oxides addition and volume fraction

Microstructural characterization clearly showedtrargy effect of nano-oxides addition on the averggen
size. Indeed, without strengthened elements theostiticture is composed of large ferritic grainmwdver,
martensite blocks were observed. This could notehaeen predicted from the classical Fe-Cr binargsph
diagram. On the contrary, when yttrium oxides atdeal with or without titanium, the microstructusshimodal
(or multimodal) with large grains and ultrafine ijia This bimodal microstructure is currently olveet on ODS
ferritic steels consolidated by hot isostatic pregf0,40-41] However, dilatometric and calorimetric tests sleow
partial austenitization foWTi andL S materials during heating but no martensitic bloskse observed by SEM.
According to Brachet et al. and Lambdf®,42] the critical cooling rate to form a fully martécs structure
drastically decreases when nanometric precipitatesidded into the microstructure.
Table 2shows that the average nanoparticles size doagegotase significantly when the volume fractiorY g
changes. Only the volume fraction of particles éases with yttria content. In 2002, Ukai et al.dsd the
precipitation evolution of Fe-12Cr-2W steels resirtied by several content of yttria and titaniuml86Ti —
0.13%Y>03 and 0.22%Ti — 0.22%03) [43]. They observed an increasing volume fraction. Hamethe average
diameter of nanoparticles decreases slightly to Aml Thus, present microstructural observationsimrgood
agreements with these previous studies.
Furthermore, as it is well known, the grain sizelegs with the volume fraction of nanopartic[@8-14]. EBSD
analyses highlighted an evolution of the grain ,s&red especially of the surface fraction of ultmafigrains, with
the content of ¥Os. Refinement of grain size was observed when thenwe fraction of nanoparticles increases.
Coarsening of nanometric grains is limited probatie to grain boundaries pinning by nanoparticiesnd the
elaboration steps. Cayron et al. have demonstthtedame precipitation effect on the evolution @ity size[44].
Cayron et al. showed that the microstructure oE&BHROFER steel consolidated by HIP and strengthevidd
0.2% Y>O3 contains 40% nanometric grains whereas the valoeases to 70% for a HIPed EUROFER steel
containing 1% of yttrigl44]. This was also observed by Hoelzer efi4d]. Usingin situ analyses by X-ray

diffraction at Synchrotron Soleil, Boulnat et afiticed a coarsening of grains as well as a reductfalislocation
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density during heat treatment usually used afteP HI6]. It corresponds to a dynamic recrystallization
phenomenon. According to Sallez et[ab], this phenomenon is limited by the content of raricles due to an

increase of the Zener pressure.

4.3. Effect of grain size
A variation of the critical cooling rate to achieWal martensitic structure was observed on theoraletric
measurements betwedNTi and LS ferritic steels. Indeed, material without titanius 100% ferritic with a
furnace shutted off cooling whereas th& material exhibits a martensitic transformation flee same cooling
condition. The microstructure of theS steel is fully ferritic when the cooling rate @nler or equal to 0.2°C/s.
Danon et al[46] have shown the appearance of two populationsiof gaustenite grains in an ODS EUROFER 97
steel. After austenitization, the microstructuretlos low activation martensitic steel is bimodBanon et al.
highlight the fact that austenite is firstly formed small grains before extending on the coarsier pustenitic
grains[46]. Brachet et al[19] give a relationship between grain size and maittenstical cooling rate Kig. 17).
Thus, the prior austenite grain size is supposdgetequivalent to the average nanometric grain &iség the
study of Brachet et al19] and EBSD analyses, the critical cooling rate cdiddestimatedVTi material presents
an average nanometric grain size of 260 nm whéetéagt10 nm for the. S material. Using extrapolation of the
Fig. 11, the critical cooling rate below which austengeransformed into ferrite is about 1700°C/h (a&¥70C/s)
and 1150°C/h (or 0.32°C/s) respectively for iNgi andLS alloys. A very good agreement with dilatometric
measurements is thus observed. It indicates tleavdhiation of the phase transformation kineticd arartensite

occurrence or not are mainly due to the differeruédle ultrafine prior-austenitic grain sizes.

5. CONCLUSIONS

In the present work, the effect of chemical composi of Fe-14Cr ODS steels consolidated by hottaas
pressing has been investigated. Microstructuraladterizations have been carried out on each maté&he main
conclusions are:
- The un-strengthened steel is composed of largagid martensite blocks whereas ODS ferritic steel
have a bimodal microstructure with large and nariomgrains.

- Ref material is homogeneous whereas segregation afd\Cawere observed on other materials.

11



- Chemical heterogeneities correspond to ultrafiméengrand martensite blocks.

- Fe-14Cr steels with a low (or zero) content ofniian exhibits a0 —> a +y phase transformation upon
heating whereaRef material is always fully ferritic.

- Phase diagram depends on carbon content in sdlidicso and thus titanium content forming stable
carbides up to high temperatures. The lowest titancontent in solid solution is around 0.1 wt% to
prevent chemical partitioning phenomenon.

- Microstructural parameters, such as nanoparticies golume fraction and grain size, influence vh&ie

of the martensitic critical cooling rate in accanda with previous studies.
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Table 1. Main elements chemical composition data (wt%o)tifier different ferritic steels.

Cr w Ti Y C

us 13.78 1.00 ) ) 0.012
+0.25% +0.25% +0.001%

LS 14.25 1.06 0.08 0.06 0.045
+0.25% +0.03% +0.01% +0.01% +0.003%

WTi 14.23 1.09 ] 0.20 0.029
+0.25% +0.03% +0.04% +0.002%

Ref 14.51 0.93 0.22 0.16 0.028
+0.25% +0.02% +0.01% +0.01% +0.002%

Fig. 2. SEM micrographs of the un-strengthened (a) and the reference (b) materials and TEM micrograph of the US material showing

the martensitic microstructure (c).

Table 2. Average grain size, surface fraction of small grains/martensite blocks and precipitation state of the four ferritic steels.

us LS

WTi

Ref
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Mean grain size (um) 27.6 4.3 9.0 6.5

Surface fraction of small

grains/martensite blocks (%) 14.4 30.4 232 214
Average particles size (nm) - 1.6 2.6 1.3
Volume fraction of particles i 0.31 0.46 0.52

(%0)

Fig. 3. EPMA concentration maps showing the distribution of Cr, W, Ti, Al, O and Y for each material.
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LS material (c). Dilatometric tests have been carried on US and LS materials with a heating rate of 10°C/s and a cooling rate close to
the HIP conditions (Vc = 0.2°C/s) whereas a high cooling rate (Vc = 100°C/s) was used for the Ref material.

Table 3. Enthalpy values determined with DSC curves and estimation of the austenite content.

Fe-9%Cr UsS LS WTi
Enthalpy AH (J/g) 10 [28] 1.5 3.9 2.8
Austenite content 100% 15% 39% 28%
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Table 4. Quantitative analyses of gammagene elements (Ni, N, C and Mn) for each ferritic steel.

wt% Ni wt% N wt% C wt% Mn
SN 0.21 0.03 0.01 0.30
LS 0.21 0.11 0.05 0.28
WTi 0.21 0.07 0.03 0.28
Ref 0.22 0.04 0.03 0.28
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