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FOREWORD

It is generally recognized that long term development of nuclear power as part of the world's future
energy mix will require fast reactor technology with a closed fuel cycle. Fast reactors in the closed
fuel cycle represent both the cornerstone of and a bridge to more sustainable nuclear energy
production. In the past few decades, fast reactors have been brought to a high level of maturity by
the design, construction and operation of experimental and prototype reactors. A number of
countries are actively developing fast reactors and there are several demonstration projects, of a
variety of sizes, under study or under construction. Progress has been made as well in the
development of related fuel cycles with processes being demonstrated at pilot plant scale.

The TAEA has been supporting the development and deployment of fast reactor technology and
serving interested Member States for almost five decades. The Technical Working Group on Fast
Reactors (TWG-FR) and the Technical Working Group on Nuclear Fuel Cycle Options and Spent
Fuel Management (TWG-NFCO) comprise groups of experts providing advice and support for the
implementation of TAEA programmatic activities, reflecting a global network of excellence and
expertise in the areas of advanced technologies and R&D. Among the wide range of activities and
initiatives carried out under the aegis of these two working groups, the International Conference on
Fast Reactors and Related Fuel Cycles is a major event.

The first International Conference on Fast Reactors and Related Fuel Cycles: Challenges and
Opportunities (FR09) was held in Kyoto, hosted by the Government of Japan. The event provided
an appropriate forum to achieve the main objectives of sharing knowledge and exchanging
information, experience and innovative ideas among the more than 500 experts from 20 countries
and 3 international organizations in attendance. The IAEA organized the second conference, on the
theme of Safe Technologies and Sustainable Scenarios (FR13), in Paris, in 2013, hosted by the
Government of France. This second event was attended by almost 600 experts from 27 countries
and 4 international organizations representing different fields of fast reactor and related fuel cycle
technologies. Continuing this effort, in 2017 the IAEA organized the third international conference,
on the theme of Next Generation Nuclear Systems for Sustainable Development (FR17). Held in
Yekaterinburg and hosted by the Government of the Russian Federation, the FR17 conference was
attended by some550 participants from 27 countries and 6 international organizations.

The purpose of the FR17 conference was to provide a forum to exchange information on national
and international programmes, and more generally on new developments and experience, in the
field of fast reactors and related fuel cycle technologies. By providing a scientific platform for
experienced scientists, engineers, government officials, safety officers and fast reactor managers to
share their perspectives, the FR17 conference also facilitated the exchange of knowledge between
generations. Such exchange can help in choosing the correct path of research to meet the upcoming
challenges in the development of fast reactors and related fuel cycles.

As an output of the successful organization of the FR17 conference, these Proceedings provide a
summary of the different technical, plenary and young generation event sessions, as well as the full
text of the opening, closing and plenary speeches delivered during the conference.

The TAEA would like to express its appreciation to the Government of the Russian Federation for
hosting the conference through the State Atomic Energy Corporation “Rosatom”, and to the
members of the International Advisory Committee, the International Scientific Programme
Committee, the Local Organizational Committee and the Secretariat of the Conference for the
commitment shown in organizing and convening the FR17 conference.

The TAEA officers responsible for this publication were V. Kriventsev of the Division of Nuclear
Power and A. Gonzalez-Espartero of the Division of Nuclear Fuel Cycle and Waste Technology.
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Isothermal Transformation Austenite-Ferrite in a P92 Steel

A. Hintze Cesarb? M.I. Luppd, C.A. Danén

'National Atomic Energy Commission (CNEA), Buenosesi Argentina
%Instituto Sabato, UNSAM-CNEA, Buenos Aires, Argeati

E-mail contact of main author: hintze@cnea.gov.ar

Abstract. The Time-Temperature-Transformation (TTT) diagrani an ASTM A335 P92 steel
(9CrMoWVNNDb) has been established starting fromaastenitization temperature of 1050 °C. Isothermal
transformation was carried out at temperatures f62% up to 750 °C taking 25 °C intervals, usingighh
resolution dilatometer. Only two state fields (i.austenite and ferrite + carbides) were obseruedyll
agreement with previous results on similar stealsubset of large austenite grains, with sizes iagmtly
exceeding the mean, was observed in all of thedesamples. At temperatures below the nose of Wie T
diagram, prior austenite grain boundaries were mvéglele by decorating them with carbides precigithat the
early stages of the transformation. Carbide demratllowed to have an accurate picture of the diggibution
of austenite grains under the prescribed conditiohshermal cycle. Above the nose, prior austewgijtain
boundaries are hardly seen due to a drastic chiangarbide precipitation mechanisms. At the sammetithe
ferrite nucleation and growth is markedly differ@mthese two temperature regions; there is a gladansition
between these two extreme behaviors.

The dilatometric curves obtained at each temperatuere fitted to the Kolmogorov-Johnson-Mehl-Avrami
expression in order to extract kinetic informatiabout the austenite-ferrite transformation. Fittings
accomplished so as to take into account the presefritie large austenite grains

Key Words: P92, isothermal transformation, TTT diagram.

1 Introduction

9-12%Cr ferritic/martensitic steels are widely ugedteam power plants due to its very good
properties, such as creep behavior, toughness @mdsmn resistance at high temperatures
[1]. In particular, the T/P 92 steel was designedaamodification of the T/P 91 with a
reduction of Mo and an addition of W and B. Thisettgrade is a candidate for many
applications in Generation IV nuclear power plahi® to its elevated working temperature
(620°C), higher creep rupture strength, and betetdability that the T/P 91 [2].

Thus far, several studies have analyzed the tempaierostructure and creep behavior of
this alloy [3-6]. Nevertheless, there is no infotima available about the isothermal
decomposition of austenite of the T/P 92 grade.

In this work, the kinetics of isothermal decompiosit of austenite and the resulting
microstructures were studied. The Time Temperafusnsformation (TTT) diagram was
developed using a dilatometric technique. Additipnahe effect of the grain size distribution
of the parent phase on the kinetics of the isothédecomposition was analyzed within the
Johnson-Mehl-Avrami-Kolgomorov approach.
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2. Experimental

The studied alloy was an ASTM A335 P92 grade mantufad by Vallourec — Mannesmann
(France) as rolled tubes in the standard metattargiondition, i.e., normalized at 1060 °C,
20 minutes and tempered at 780 °C, 60 minutes.chieenical composition of the studied
steel is shown in Table I.

TABLE I: CHEMICAL COMPOSITION OF THE STUDIED ALLOYIN WT. %.

Alloy | C Cr | Mo | W Si \% Nb N Mn | Ni Al B

P92 | 0.13 8.72| 0.38] 163 0.24 0.20 0.06 0.p5 0/446 0.17 0.0000

Isothermal heat treatments cycles were performeid avhigh resolution quench dilatometer,
Bahr DIL805A. The samples machined from the tubeevaylinders 10 and 4 mm in length
and diameter respectively.

Samples were austenitized for 30 minutes at 1050af@ then rapidly cooled to the
isothermal transformation temperatures,. TIsothermal heat treatments were performed in
order to obtain a complete decomposition of austehieating and cooling rates were 1°€.s
and 0.3 °C.$ respectively. A complete scheme of the thermalecigcpresented in the Fig. 1.

1050 °C , 30 min

0.3°C/s
Transformation Y — o

625 -750°C, 12— 68 hours

1°C/s 0.3°C/s

FIG. 1. Thermal cycle used for austenitization &mther isothermal transformation to ferrite.

All isothermal cycles are detailed in Table Il,nséormation temperatures varied from 625 up
to 750 °C taking 25 °C intervals and the holdinges varied from 12 to 68 hours in order to
obtain a fully transformed structure. Additionadly isothermal heat treatment for 12 hours at
625 °C, P1, was carried out in order to study #myestages of the austenite decomposition.

TABLE II: DETAILED ISOTHERMAL CYCLES FOR EACH SAMPE.

Sample F1 F2 F3 F4 F5 F6 P1 H3

Temperature [°C] | 625 650 675 700 725 750 625 675

Time [hours] 68 30 12 12 12 12 12 4
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After thermal cycles, samples were mounted in aduaotive resin, grinded up to the mid

plane, polished and etched with Villelas’s reagerie examined by optical (OM). Grain size
measurements were performed using an image anabfsigare. On the other hand, austenite
grain boundaries of the “as received” condition evezvealed using an electrolytic etching
with oxalic acid.

Assuming a linear relationship between the sampknge of length and the transformed
fraction to ferrite, the extent of transformatignwas obtained as function of the dilatation vs
time curves using the equation:
I=lmin

E N lmax— lmin eq 1
wherel,,;, and l,,,, are the minimum and maximum values of dilatatiamirdy the
isothermal plateau antis the length at a given time. Calculations wesefggmed using as
reference the A1033 — 04 ASTM standatd order to study the dependence of the
transformation rate with temperature, the extentrafisformation versus time curves where
analyzed with the empirical Johnson-Mehl-Avrami-@norov (JMAK) equation [7].

3. Results and Discussion
3.1.Prior Austenite Microstructure

Fig. 2 shows OM and SEM micrographs of a samplestoaned at 625°C for 12 hours (P1).
This figure shows that at early stages of transé&tion, they — o reaction occurs exclusively
along the ancient austenite grain boundaries. €hé@d nucleation and grow is accompanied
with a carbide precipitation (in form of block, sgh, rod, and fibrous precipitates) that
decorates the ancient austenite grain boundaridgsnghdahem visible. Therefore, it was
possible to have an accurate picture of the siggilolition of austenite grains by observing
the sample P1. It was assumed that the grain sadbdtion determined is representative of
all samples since all heat treatment had the saisterditization cycle.

10 pm

Mag= 10.00 K Signal A = InLens

FIG. 2. Micrographs of the sample transformed & 6€ for 12 hours (P1). (a) OM, (b) SEM..

Fig. 3 shows the austenite grain size distributibthe as received sample, Fig. 3(a), and the
P1 sample, Fig. 3(b). It can be seen that the geegeaain size of the former is slightly lower
than the latter. The austenite grains were dividedasses according to their size using the
ASTM number, and the relative frequency was catedlas the number of grains per ASTM
class divided the total amount of counted grainsaverage, the “as received” condition has a
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grain size diameter 012.9 + 0.3 um meanwhile the austenite structure after the therma
cycle used in this work has an average diameter708 + 0.2 um.

D _=129+0.2 um P D, =178+0.2 um
0.5 = H 025 —955) o
n=1504 n=2552

FREQUENCY [%]
FREQUENCY [%]

0.1

7 6 5 4 3 2 1 0 00 32 1 0 00

8
(a) N° ASTM (b) N°ASTM

FIG. 3. Austenite grain size distribution: (a) aeived sample, (b) P1 sample.

It is important to remark that both samples presgiat small subset of grains with a size much
larger than the rest. These grains are not obsenvee histogram presented above since the
amount of” large” grains compared to that of thendl” ones is very scarce, yet they
represent a considerably fraction of the area oeskein the sample

Therefore, in order to remark the presence ofghlsset of grains with a size larger than the
rest, instead of counting the number of grainsqgt&ss (frequency counts) the relative area
occupied by each class was determined and repessignFEig. 4.

% 02 % _%: 02 %

201 / %0.1 %
- @ E =
o.os—// 0,05 ///// . /

(a) 3012 11 10 9 ;=A§ni 5 4 3 2 1 0 00 (b) 15 14 13 12 11 10 9 ;=Asr3; 5 4 3 2 1 0 00

FIG. 4. Area % vs. ASTM number: (a) as receivedptantb) P1 sample.

The austenite grain size distribution seems to hlaeerogeneities in both conditions.
Although the “as received” condition has a slighdipaller average grain size, both samples
have a similar distribution. The assembly of sngaflins varied their size between 6 and 36
microns (i.e. N° ASTM “G” 11 — 6) with and averagee of 12.0 + 0.2 um for the as
received condition and 6.9 + 0.2 um for P1 condition. On the other hand, grains which
experienced an abnormal grain growth reached mieametiers between 60 and 200 microns.
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3.2 Kinetics of Isothermal Transformation

Isothermal kinetics of austenite decompositionha temperature range 750 — 625 °C are
presented in Fig 5(a). The extent transformatianesiwere determined from the dilatometric
data using Eq. 1. From vs.t curves, time values corresponding to 5, 50 and/®9f
transformation where used to plot the TTT diagraimFig 5(b). It can be seen that the
austenite decomposition rate is very sensitiveh® transformation temperature and the
maximum transformation rate is reached at 725 °Cth#s temperature, transformation is
completed after 4 - 5 hours of heat treatment.t@nother hand, at 625 °C the transformation
takes more than 60 hours to reach the 95% of wamsfd fraction.

0 7 > Extent of Transformation| |
/ p .0 5%
: SRR L S
2 o :
E LTJD - &
3 £
: | &
= —— 750 °Q ere 4
s L 725 *q g
- —— 700 *G =
- 850 b
o —— 675 °Q
650 *Q
625 *°Q ) 625
1 1 1 ' 1
100 1000 100.00 1.00 1000
a Time [hours] b Time [hours)

FIG. 5. (a) Extent transformation vs. time curv@3. TTT diagram.

The conventional Avrami equation can be used terdesthe overall transformation kinetics
under isothermal conditions:

& =1—exp{k(t—ty)"} eg. 2

where ¢ is the volume fraction of austenite transformedetoite, t, the onset or incubation
time for the transformationn the time exponent indicative of the transformatoechanism,
and k is a temperature dependent factor. Equation beaewritten as:

In[—In(1—-¢&)] = n.In(t — ty) + In(k) eq. 3

Assuming that Eq.3 describes the kinetics of trasmidformation, then values at different
temperatures are given by the slope ofthe- In(1 — &)] vs In(t)plots.

Transformation versus time data sets were linedréael plotted in order to obtain the values
of n for each transformation. For all transformatiomnperatures, except 750 °C, the
In[-In(1—&)] vs. In(t) plots presentedwo linear regions with different slopes as
shown in Fig. 6. Both slopeg,; andn, for each transformation are presented in Table IlI
On the other hand, only one slope was observe8Q2C7 up to 98% of transformation.

The n, slope is representative of the transformation ugpproximately 70% of transformed
fraction (i.e. for values oin[—In(1 —¢&)] < 0). This time exponent increases with the
transformation rate, reaching a maximum value &t 2 On the other hanah; represents
the last stages of the transformation. The valaésutated forn, are remarkable lower than
the ones calculated fot,, and they also tend to grow with the transformatemperature.
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In(-In(1-))

95 10.0 10.5 110

' In(t)

FIG. 6. Master curve for the transformation at 6%

TABLE IIl: CALCULATED AVRAMI TIME EXPONENTS AT DIFFERENT
TRANSFORMATION TEMPERATURES.

Temperature [°C] Ny Ny
625 1.18| 2.75
650 1.14| 3.26
675 1.25| 4.16
700 1.53| 5.45
725 1.66| 6.35
750 4.76

Johnson and Mehl [7] were the first to discuss ithtuence of the parent grain size

distribution on the kinetic curves. They observkdttthe reaction curve for a steel with a
“mixed” grain size structure would lie between tadar the “large” and “small” grain sizes in

the sample, but they also pointed out that theshcturve is not identical to the one calculated
for the average grain size. Instead, the form efabtual curve will depend not only on the
nature of the grain size distribution but also lo@ talues of nucleation and grow rates.

Later, Matsuda et al. [8] adapted the Avrami’s siea transformation kinetics for a parent
phase with a heterogeneous grain size distributibhe authors treated, with good
experimental evidence, this case as a series gbadawith uniform grain structure that
transform independently from each other. Thereftive,overall transformation rate equation
is obtained as the sum of different Avrami’s equadi one for each grain size category.

Particularly in heat resistant steels, Danon ¢®jashowed that isothermal kinetic curves for
the decomposition of austenite with a bimodal gsane distribution cannot be fitted with the
standard Avrami’s equation. Instead, the combimatoj two equations, describing the
kinetics for the assemblies of smaller and largeting respectively, resulted in a good
approximation to describe the transformation ratbe In[—In(1 —¢&)] vs In(t) plots
revealed two different stages with different slgmasiilar to the ones obtained in the present
work.
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The experimental curves obtained in this work aregood agreement with the expected
behavior; transformation curves for each tempeeatiar not show a fully sigmoidal shape and
seem to be composed by the sum of different kiretrees that represent the different grain
size groups. Small grains react quickly and has&@ng influence on the shape of the curve
at early stages of the transformation, whereadattge grains will react slower affecting the
later stages of the transformation. Nevertheléss,important to remark that these curves are
overlapped in time, so that the time exponentsutaied in Table Il do not necessarily
represent the transformation mechanism of eachpgodigrains. Experimental evidence of
this behavior was obtained in sample H3. The H3 lreatment was designed to obtain a
half-fraction-transformed structure. It is obsentbdt ferrite transformed exclusively in the
small austenite grains Fig. 7 (a), so the largezsomave a fully martensitic structure after
cooling at the end of the thermal cycle Fig. 7 (b).

The presence of two different slopes due to thaatiem from the sigmoidal shape of the
kinetic curve can be attributed to the presenca pérent phase with a heterogeneous grain
size distribution. On the other hand, one posséson to explain the unique time exponent
n at 750 °C, resides on the fact that the nucleatade at grain boundariefs, and grow
rate, G, are dependent on the transformation temperatuiis. well known that at higher
temperaturesNg decreases and; increases, and therefore thé /G ratio decreases.
According to Johnson and Mehl’'s work [7], the sapian of transformation curves of given
parent phases with different grain size distringios greater when thl¥;/G ratio increases.
Thus, as temperature increases the evidence fdsirtleic behavior due to a heterogeneous
grain size distribution is more difficult to obserin both¢ vs.t or linearized curves since
the portions associated to the small and largengrean be completely overlapped in time.
Thereforethe absence of two slopes cannot be directly relatéo a homogeneous grain
size distribution.

a b I

FIG. 7. Optical micrographs of two different areafsthe same sample H3 treated for 4 hours at 675
°C. (a) Zone of small prior austenite grains. (lmn2 of large prior austenite grains.

3.3.General aspects of the microstructure of transifmed samples

Fig. 8 shows the microstructure of fully transfodrepecimens after isothermal treatments. In
all of the specimens it is clear that austeniteodgmosed to a ferritic matrix with an important

fraction of precipitatesy — a + carbides. The morphology and features of the precipitation
varied significantly with the transformation temaierre. At low temperatures a remarkable
precipitation along all the prior austenite graoubdaries was clearly detected with OM. As
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the transformation temperature increases the ptatgm changes this particular feature and
prior austenite grain boundaries are increasingficdlt to identify.

FIG. 8. Optical micrographs of samples isotherm&ignsformed into ferrite at different
temperatures. (a) 625 °C, (b) 650 °C, (c) 675 W},700 °C, (e) 725 °C, (f) 750 °C.

As expected, the ferrite grain size was found todbpendent not only on the size of the
parent austenite grain but also on the transfoomatmperature. At higher transformation
temperatures, higher ferrite grain sizes were nredsuo illustrate this behavior, the grain
size distribution of ferrite grains having grownthi abnormal austenite grains was
determined for each temperature. Fig. 9 shows treegponding histograms plotted for
transformation temperatures of 625, 700 and 750ré€pectively. Although this Fig.
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represents only the ferrite grains with an abnor(dab0 um) parent austenite grain, this
behavior was observed in all of the samples. It @lassen to plot only the subset of grains
grown inside an abnormal austenite grain becausieeafemarkable relationship between the
sizes of the mother and daughter phases. It caede in Fig. 9, that, for each temperature,
the larger the austenite grain, the greater theecizhe ferrite grains that grow inside

F1
625 °C - 68 hrs

F4
700 °C - 12 hrs

FREQUENCY [%]
FREQUENCY [%]

0.1 |

o
o
b

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 00 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 00
N°ASTM N° ASTM

Sample D average n

F6
750 °C - 12 hrs

015 |

F1 150£04 um 347
F4 192+0.6 um 315
Fo6 33.5+12um 264

FREQUENCY [%]

0,05 | 7 4
V ‘
- %/¢ T

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 00
N°ASTM

o

FIG. 9. Ferrite grain size distribution of the gre with an abnormal austenite parent grain for
different transformation temperatures.

4. Conclusions

The Time Temperature Transformation (TTT) diagrdraroASTM A335 P92 steel has been
obtained by means of the dilatometric techniquethedollowing conclusions can be drawn:

* At 725 °C the decompositon rate of austenite isimar, taking less than 5 hours to
transform completely into a ferrite and carbidesctre.

» The microstructural features of the transformedri(e2 + carbides) structure are very
sensitive to the transformation temperature. Twgiores were clearly distinguished,
with a gradual transition between them. At low sfanmation temperatures, carbides
precipitate countinously along the ancient austegiitin boundaries at early stages of
ferrite formation. At higher transformation temperas, austenite grain boundaries
become more difficult to distinguish since pre@pin does not occur continuously
along the grain boundaries.
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Austenite grain size distribution was found to letelnogeneous in both conditions
studied (i.e., as received and heat-treated). Afjhosimilar distributions were
observed after the austenitization step of thehesotal heat treatments and the
comercial heat treatments, the prior austenitea@egrain size resulted smaller for
the latter. Eventhough, “small” grains were obsdrigetransform at early stages of the
isothermal heat treatment, while “large” grains #me last ones to decompose to
ferrite.

Linearizaton of the JMAK equation revealed two sfanmation kinetic regimes. The
slope change is believed to be a consequence bketkeeogeneous austenite grain size
distribution.

The time exponent is not necessarily correlated with the transfororathechanism
of each subset of grains.
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