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ABSTRACT

Detailed knowledge of the microstructural evolution of reduce activation ferritic-martensitic steel EUROFER97
after exposure at high temperatures is essential for determining its applications potential. For this proposal,
EUROFER97 was annealed in the temperature range between 450 °C and 650 °C for up to 122,000 h (=14 years)
and subsequently analyzed using transmission electron microscopy (TEM) including high resolution TEM and
two-dimensional energy dispersive X-ray (EDX) mapping. The study demonstrates the effects of thermal treat-
ment on the size and composition of the precipitates and allows conclusions about their stability. Application of
the extraction replication technique was used to analyze composition and morphology of four particle types
present in the untreated EUROFER97: M33Cg, VN, TaC and TiN with sufficient statistics. The rapid coarsening of
the M23Ce precipitates was observed at 650 °C, while the MX particles were found to be more stable upon
thermal treatment. It has been proved that new Laves (WFe;) and modified Z-phases (Cr(V,Ta)N) precipitates are
formed in the temperature range from 500 °C to 600 °C. The detailed analysis allows the drawing a time-
—temperature formation diagram for these two phases, which could be valid for alloys with composition similar

to EUROFER97.

1. Introduction

EUROFER97 - the European reduced activation feritic-martensitic
(RAFM) reference material with 9Cr1.1 W0.2 V0.14Ta0.42Mn and Fe
bal. is considered as a primary candidate for application at the first wall
components of ITER and DEMO respectively [1,2]. The plasma facing
components are supposed to be subjected to complex thermomechanical
stresses and high irradiation doses. Knowledge of the microstructural
stability during long-term thermal treatment is an important require-
ment for a sufficiently reliable prediction of the service life. One of the
key factors affecting the mechanical properties of steels is the presence
and spatial distribution of secondary phase particles, which precipita-
tion during tempering closely related to the formation of the steel
microstructure. In practice, microstructure is controlled by changing the
concentration of minor alloying elements and heat treatment conditions,
including the hardening process [3,4].

The chemical composition of EUROFER97 was selected based on
activation calculations of composition isotopes and experience with
RAFM precursor alloys of the OPTIFER type [4]. The main objective was
to replace the elements with long decay periods such as Ni, Mo and Nb
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by W, V and Ta. TEM characterization of the microstructure of EURO-
FER97 has already been reported in several publications. Information on
the size, number density and spatial distribution of precipitates is
important to understand the influence of alloying elements on the
microstructure and thus on the mechanical properties in general,
allowing further optimization of the chemical composition of RAFM
steels [5-8]. The M23Ce- and Ti, V- or Ta-rich MX-type precipitates were
found and analysed in TEM and SEM [7,8]. W is mainly added as a so-
lution strengthening element but can also be present in My3Cg pre-
cipitates. Ta has a strong affinity for C, and thus it can be expected that
Ta is largely used for the formation of TaC precipitates. TaC and TiN
contribute to grain size stabilization by suppressing the growth of pri-
mary austenite grains at temperatures higher than the a — y transition. It
was also shown that the addition of Ta leads to grain refinement in F82H
alloy [9]. Small amounts of V are added to improve creep strength and
impact behaviour [10]. VN particles form at temperatures below the a
— vy transition and thus influence the formation and stabilization of
laths. The precipitation of My3Ce carbides on the grain and lath
boundaries at 500°-600 °C additionally stabilizes the structure.

The thermally induced alteration of the microstructure of ferritic-
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martensitic steels is a complex process involving the dissolution or
coarsening of existing precipitates, precipitation from the solid solution,
and the formation of new phases, such as Laves- and modified Z-phase.
This process consequently leads to a coarsening of the laths and the
grains and finally to a degradation of the mechanical properties and
softening of the material. However, the processes occur differently at
each temperature, and knowledge of them is essential for the application
of EUROFER97 as a structural material.

The microstructural stability of recently developed RAFM steels,
which include EUROFER97, F82H and CLAM steels, has been reported in
several publication [11-16]. Pronounced coarsening of existing pre-
cipitates and grains in RAFM steels was observed at 650 °C and higher
temperatures, implying increased diffusion and segregation of alloying
elements [14]. The formation of Z-phase in RAFM steels has been re-
ported only for irradiated materials, for which irradiation accelerates
diffusion and thus its formation [17]. It is suggested that the formation
of Z-phase leads to a decrease in creep strength, as the phase forms at the
expense of highly dispersed VN particles, which have a more significant
effect on the stabilization of the microstructure than micrometer-sized
Z-phase particles. The thermally induced formation of the Z-phase at
550C° has been reported for V-containing steels with 9-12 % Cr, that do
not belong to the RAFM steel class [18-20]. However, it can be assumed
that the Laves phase forms in RAFM steels under similar conditions.

The formation of Laves phase particles in RAFM steels takes place in
the range from 550 °C to 650 °C [11,13,15,16]. A study with an
annealing time of up to 100 k hours on the alloy F82H shows the for-
mation of the Laves phase in the temperature range from 550 °C to
650 °C [16]. The steel was analyzed by XDR analysis on the replica,
which provides information on the occurrence of different phases but
not on the size of the precipitates. The formation of Laves phase at
550 °C was reported for CLAM steel [21]. It is widely believed that the
formation of the Laves phase reduces the thermal stability of the
microstructure at high temperatures and adversely affects the mechan-
ical properties of the steel [15,16]. The formation mechanism of the
Laves phase in the RAFM steels is not clear, since it is not precisely
known whether the Laves phase is formed from the W contained in the
M23Ce precipitates or from the W in the solid solution. However, it is
known that the formation of the Laves phase leads to a degradation in
strength and ductility.

The objective of the present work is to demonstrate the temperature
effect on the size and distribution of precipitates in EUROFER97 during
long-term aging in the range from 450 °C to 650 °C for up to 122,000 h
and to determine the conditions for nucleation and coarsening of the
Laves and Z-phases and to determine the conditions for nucleation and
coarsening of the Laves and Z-phases. The results obtained are important
for understanding the microstructure evolution and assessing the limits
of the practical application of EUROFER97 at high temperatures.

2. Materials and methods
2.1. Thermal treatment and TEM examination

All samples examined in this work were taken from creep specimens
prepared from the first batch of EUROFER97 [3]. The used semi-finished
product was a forged round bar (heat E83699) with a diameter of 100
mm in the condition as delivered from the manufacturer (Saarschmiede,
Germany), i.e., after a heat treatment of 980 °C/30" air cooling +
740 °C/90'/ air cooling. The creep specimens were produced parallel to
the rod axis with screw heads of 5 mm and 8 mm in diameter. The creep
tests were performed in electrical furnaces with three vertical heating
zones in normal atmosphere (i.e., in air). The test temperatures were
controlled with three PtRh-Pt thermocouples and kept constant at + 2 K
by means of three PID control units.

For TEM sample preparation, we used only the screw heads of the
creep specimens. This ensured that only undeformed (stress-free) ma-
terial was analysed in the present work. This enables us to study only
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aging effects on microstructure and not an additional mixture of
deformation effects and resulting artifacts. In the following, we denote
the creep conditions of the screw heads as annealing time and annealing
temperature.

The annealing conditions (e.g. temperature and annealing time) of
samples chosen for TEM examination are given in Table 1. This list in-
cludes samples with the highest annealing time for each temperature
and samples with lower annealing times to show microstructure evo-
lution. The highest annealing time varied from 17kh for 650 °C to 122kh
for 550 °C. To improve the readability of the manuscript, treatment
times are rounded to the nearest thousand hours (kh). The samples for
TEM analysis were obtained from the undeformed parts of the tensile
specimens to study the pure temperature effect and avoiding the com-
plex influence of deformation on the microstructure.

The microstructures of the specimens have been characterized on
thin foils prepared by standard electrochemical etching [7] and carbon
extraction replicas [6,22] using transmission electron microscope Talos
F200X equipped with four energy-dispersive X-ray (EDX) detectors for
two dimensional elemental mapping. The resolution of the EDX detector
is < 136 eV at Mn-Ka, as specified by the manufacturer. The spot size of
about 1.0-1.2 nm with a step size of 1 nm was used to generate high-
resolution elemental analyses. For the overview maps, the spot size
ranged from 2 to 5 nm with a step size of 10 nm.

2.2. Microstructure of as-delivered EUROFER97

The microstructural changes of EUROFER97 caused by the thermal
treatment were determined by comparison with the microstructure in
the as-received state after the standard treatment procedure (980 °C/30’
air cooling + 740 °C/90'/ air cooling) [23]. The material has a
martensitic lath structure with average lath thickness of 250 nm and
grains of several tens microns. Identification and spatial distribution of
second phase precipitates in EUROFER97 was reported in ref. [7],
applying the 2D EDX mapping in combination with HRTEM imaging. In
total four different types of precipitates have been detected: M23Ce, TaC,
VN and TiN. The study was performed on thin foils where the pre-
cipitates are embedded in the matrix [7]. Since the experiments in the
present work were performed using carbon replicates, the untreated
material was also analyzed using carbon replica to provide a reliable
comparison. In addition, the replica provides more reliable analysis of
the precipitates composition.

Fig. 1 shows a typical precipitate replica prepared from as-delivered
EUROFER97. The distribution of Cr (green) reflects position of My3Cg
precipitates (Fig. 1a), V (blue) positions of VN, Ta (red) positions of TaC
and Ti (yellow) positions of TiN particles (Fig. 1b). It was also found that
TiN precipitates are frequently surrounded by VN or/and TaC phases,
which could be a reason for some V and Ta content inside TiN particles
(Fig. 1b). Their chemical composition and average size are given
Table 2. Since the carbon film used for replication does not allow reli-
able detection or quantification of carbon in carbides, these and nitrogen
content were not analysed. So only the metals present in the precipitates
were included in the data table. It has been shown that identification of
precipitates by their metal content is much more meaningful than
measuring carbon or nitrogen. For this proposal, the main composition
element can be used for fast and reliable identification of precipitates in

Table 1
Thermal treatment conditions of the samples selected for TEM examination.

Annealing temperature Annealing time (h)

(9]

450 18,596 31,801

500 32,283 108,509

550 20,585 38,730 74,917 110,881 121,560
600 1047 9971 21,339 35,688

650 5787 11,565 17,006




M. Klimenkov et al.

Nuclear Materials and Energy 35 (2023) 101451

Fig. 1. EDX analysis of precipitates replica from as-delivered EUROFER97. Part (a) shows distribution of M53C¢ precipitates and part (b) the distribution of MX (VN,

TaC and TiN) precipitates.

Table 2

Composition and average size of precipitates measured on replica in as-delivered
state. With yellow color are marked major elements used for their identification
in elemental maps. The contents of carbon and nitrogen were omitted.

Type Composition (weight %)
Mo3Ce VN TaC TiN
Cr 64.8 + 0.8 4.5+ 0.5 — —
A% 1.0 £ 0.2 81.0 £ 2.5 11.0+1.5 11.4+1.2
Ta 14.5 £ 2.0 89.0 £ 1.5
Ti 88.6 + 1.2
Fe 26.4 +1.1 _ e -
w 7.8+0.7
Average size (nm) 110 + 4 48 + 4 45 + 2 53+ 2

element maps (Table 2).

The composition and size of the precipitates measured on the replica
largely correspond to the data from ref. [7] measured on the bulk
samples. However, the measurement of composition on replica instead
of on embedded particles, provides more accurate results.

The number density of precipitates was not calculated, as this in-
formation is not available by investigating replica. However, it can be
noted that the number of TaC particles normalized to the area studied is
approximately equivalent to the number of M23Cg precipitates, while the
number of VN particles is 2.5 times larger. The TaC and TiN precipitates
were found to be randomly distributed in the specimen, while VN and
M33Cg precipitates predominantly decorate the grain or lath boundaries.

2.3. Identification of Laves phase and Z-phases

The analysis of thermally treated material shows the formation of
particles composed of two additional phases, which were identified as
the Z- and Laves phases. For more comprehensive statistics, it is
important to find a reliable identification criterion for these new phases
in the elementary maps to avoid time-consuming structural analysis on
individual particles. The Z-phase is known as nitride phase with CrXN
composition, where X is typically Nb. In the V- and Ta-containing alloys,
which include EUROFER97, the modified Z-phase was detected with the
Cr(V,Ta)N composition [18]. In the V and Cr maps elemental maps Z-
phase particles show a similar contrast to VN or to My3Cg particles.
Reliable identification of the Z-phase is only possible if these two these
elements are considered. Ta and Fe contents of about 15% can also be
considered in the verification. (Table 3). The chemical composition of
these phases formed in the 500 °C-600 °C range was measured by EDX
analysis on the replica (Table 3, Fig. 2).

The intermetallic Laves phase with WFe, composition was detected

Table 3
Chemical composition of Z- and Laves phases measured by EDX methods.

Elements Composition (weight %)
Cr(V,Ta)N (Z-phase) WFe, (Laves phase)
Cr 42.2 13.8
\% 45.7
w 29.4
Fe 4.0 56.8
Ta 8.1

a) wv M,C. D) VN (MX)

C) Tacmx) d) TiN (MX)

e) Z-phase T) Laves Phase

Fig. 2. Chemical composition of the precipitates measured on the replica. The
composition includes only the content of metals, while the C and N contents
have been omitted (see text for details).
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in RAFM steels in which W is used instead of Mo [6]. It is also known that
Laves phase is not stable at high temperatures, and it has a long nucle-
ation and growth time [12]. The Laves phase particles can be reliably
differentiated from other phases by their comparatively high W content.
Additionally, it can be verified by consideration of the Fe content, which
together with W accounts for ~ 85% of the total composition of the
particles of the Laves phase (Fig. 2).

Fig. 3 shows an example Laves and Z-phases identification in the
material annealed at 550 °C for 122 kh. A Z-phase particle with the size
of ~ 600 nm is marked with a yellow arrow in the Cr (a), V (b), and N (c)
reflecting its CrVN composition. The VN particle on the other hand is
visible in sufficient contrast in V (b) and N (c) maps, is invisible in the Cr
map (a). In this way, Z-phase particles can be clearly distinguished from
VN particles and from M3Cg particles containing Cr but no V. The Z-
phase particles have a size of up to 1 pm and are thus in most cases
significantly larger than the VN particles, whose maximum size does not
exceed 75 nm.

The Laves phase particle of several hundred nm size is marked with a
red arrow in W (e) and Fe (f) maps (Fig. 3). The high W content in the
WPFe, phase allows its clear distinction from M23Cg particles. In the
combined VW map (d), the Laves phase (yellow) and Z-phase particles
(blue) are clearly visible. The maps of Ti (g) and Ta (h) show the dis-
tribution of MX precipitates, whereby Z- and Laves phase are invisible in
these maps. Additional measurements using EELS method was per-
formed to verify N content in Z-phase.

The correct identification of the new phases in elemental maps was
verified by analysing their crystalline structure using high-resolution
TEM (Fig. 5 and Fig. 4). The (CrNb)N Z-phase with tetragonal struc-
ture was typically found in the Nb containing creep-resistant steels.
Increased investigation of V- containing steels (which include the RAFM
steels) after long-term creep experiments during last 2 decades shows
the formation of modified Z-phase with CrVN composition and cubic (a
= 0.413 nm) or tetragonal structure (a = 0.286 nm, ¢ = 0.739 nm) [19].
In Fig. 4 is shown a Z-phase particle that was identified in Cr and V
elemental maps. The FFT pattern obtained from a HRTEM image is
shown the part (c). The structure identification program clearly proves
(Fig. 4d) that the structure of the orientation in the [011] zone axis
corresponds to the modified Z-phase with cubic structure (ICSD:
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5nm’”

Fig. 4. HRTEM analysis of a Z-phase particle oriented with [011] zone axis.
The particle is images with the blue colour in elemental map. HRTEM image (b)
was obtained from the area marked by a circle in the part (a). The corre-
sponding FFT pattern shown in (c) was superimposed with simulated diffraction
patterns for Z-phase (d).

626365) [6]. In the alloys containing V and Ta, the modified Z-phase
with Cr(V,Ta)N composition and cubic structure was detected [18,24].

The intermetallic Laves phase with WFe; composition (ICSD:
632621) has a cubic structure [6]. The HRTEM image of crystalline
structure shown in Fig. 5b was obtained from a particle marked with red
circle in Fig. 5a. The corresponding FFT image (part c¢) show the pres-
ence of stacking faults with random periodicity. However, despite these
defects, the position of the diffraction spots could be clearly identified.

Fig. 3. EDX analysis of precipitates replica from EUROFER97 annealed at 550 °C for 122kh. The corresponding elements are indicated in the maps. For more details,

see the text.
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Fig. 5. HRTEM analysis of a Laves phase particle oriented in the [13 2] zone
axis. The HRTEM image (b) was obtained from the area marked by a circle in
the part (a). The corresponding FFT pattern shown in (c) was superimposed
with simulated diffraction pattern for Laves phase (d).

The structure fitting procedure shows that this particle is oriented with
the [13 2] zone axis to the electron beam. The corresponding simulated
diffraction pattern using ICSD data is shown in the overlap of FFT
pattern in Fig. 5d. The marked with blue circle diffraction spots originate
from the slightly overlapping M23Cg particle that is visible on the upper
part of the Laves phase particles. Analysis of the literature demonstrates
that the Laves phase of various modifications often forms with stacking
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faults [25].

In summary, this section shows that the Z-phase and Laves phase
particles in EUROFER97 form after long-term treatment and the parti-
cles can be identified in elemental maps.

3. Microstructure of annealed samples
3.1. Annealing at 450 °C

The maximal annealing time at 450 °C was 32kh. The TEM exami-
nation of material after maximal annealing time show that microstruc-
ture of precipitates and texture remained largely stable. No remarkable
changes in the morphology of the precipitates were observed and no
formation of new phases were detected. The distribution of precipitates
is identical to the as-delivered EUROFER97 as it is shown in Fig. 1.

3.2. Annealing at 500 °C

Two samples annealed at 500 °C for 38kh and 109kh were examined
by TEM. EDX analysis of the replica shows that there is no remarkable
alteration of the size of the existing precipitates even after an annealing
time of 109kh (Fig. 6a,a’). The Laves phase particles were detected only
in the material after 109kh annealing. Z-phase particles could not be
identified at this temperature. In the V/W overview map (Fig. 6a’), the
Laves phase particles with the sizes up to 250 nm are well visible with
the yellow contrast. The maps obtained with higher magnification show
that, in addition to the large particles (red arrow in b,b’,c,c’), numerous
Laves phase particles with size < 50 nm (white arrows b,b’,c, ¢’) have
formed. The average size of Laves phase particles was measured as 45
nm.

It is clear that large M23Cg particles (green color) often serve as the
nucleation sites for Laves phase particles. The M33Cg phase exhibits an
8% W concentration (Table 1), which facilitates the formation of Laves
phase particles. The TaC or VN particles does not contain W in a
detectable concentration.

Fig. 6. EDX analysis of precipitates replica from EUROFER97 annealed at 500 °C for 109kh. The designations of the elements for this analysis are shown in the
figures. The overview of the precipitates is shown in parts (a,a’), while the distribution of the elements is shown at higher magnification. Parts (c,c’) show a magnified

section of the images in (b,b’).
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3.3. Annealing at 550 °C

Microstructure of four samples annealed at 550 °C for 21kh, 38kh,
74kh and 122kh were examined by TEM. The elemental maps shown in
Fig. 7 and Fig. 8 demonstrate evolution of precipitates with annealing
time. Fig. 7 provides distribution of precipitates on the large scale, while
the higher magnification used for the obtaining the maps in Fig. 8 shows
the detailed distribution of smaller precipitates. The Laves phase pre-
cipitates were identified after already 21kh annealing to be formed at
the grain boundaries (yellow particles in Fig. 7a and Fig. 8a). Two of
them are also marked with yellow arrow in the Fig. 8a,a’. At the larger
annealing time Laves phase particles were also found to form inside
grains (yellow particles in Fig. 7b and Fig. 8b). Both, the number and the
size of Laves phase particles noticeably increase. After 122kh annealing
the size of Laves phase particles that can achieve 1-2 um.

The formation of the Z-phase was observed at 38kh and higher
annealing time. In the sample annealed for 71kh, the particles of the Z-
phase can reach a size of several hundred nanometers (blue particle in
Fig. 8b). It was found that in addition to the large Z-phase particles of
600-1000 nm, there is a large number of small particles of 30-100 mm
were formed (blue spots in Fig. 7c).

In material annealed for 122kh further coarsening and of Z- (blue
color) and Laves phase (yellow color) was observed (Fig. 7c,c’, Fig. 8c,
¢’). The frequent close spatial occurrence of these phases may indicate
that their formation is interrelated (Fig. 7c). Examination of the M23Cg
precipitates shows that their size and distribution do not change
remarkably even at the highest annealing time (Fig. 7a,’,b’,c’).

3.4. Annealing at 600 °C

Three samples annealed at 600 °C for 10kh, 21kh and 36kh were
available for TEM examination. Investigations demonstrate the forma-
tion of Z-phase at all annealing times, whereas the presence of Laves
phase does not detected at this temperature. Fig. 9 demonstrates the
presence of Z-phase in material after 10kh annealing. The particle is
marked with a square in the combined V-Cr-Ta map. The particles of the
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VN and Z-phases can be identified by the V/Cr ratio. It can be seen that
the Z- (turquoise arrow) and the VN-phase (yellow arrow) are attached
(Fig. 9). The composition of these particles correlates well to that given
in Table 2. It can be assumed that VN particles serve as locations for the
formation of the Z-phase. The density of Z-phase particles is notably low.
In the material annealed for 36kh, the Z-phase particles could achieve a
size of up to ~ 1.5 ym and their number density significantly increases.
Also, the measured 180 nm average size of My3Cg particles in material
after 36kh annealing indicates notable coarsening process at this
temperature.

3.5. Annealing at 650 °C

Three samples annealed at 650 °C for 6kh, 11kh and 17kh were
available for TEM examination. Investigations and extensive analysis do
not show the formation of new precipitates. The key thermal treatment
effect on the microstructure at this temperature is significant growth of
the existing precipitates. Fig. 10 illustrates the coarsening of the M23Cg
precipitates. the average size increases from 110 nm in the initial state to
320 nm after 17kh treatment, while some particles reach a size of>1 um.
The size of MX precipitates does not changed significantly indication
stability of these phase at 650 °C.

4. Discussion

This study involves the detailed microstructural examination of
EUROFER97 after annealing in the temperature range from 450 °C to
650 °C for up to 122 k hours. Thermal treatment initiates two different
processes that lead to a change in the precipitate structure and conse-
quently have an influence on the mechanical properties. These include
the time- and temperature-dependent coarsening or dissolution of
existing precipitates as well as changes of their composition and the
formation of new precipitates e.g., Laves and Z-phase.

Fig. 7. EDX analysis of precipitates replica from EUROFER97 annealed at 550 °C for 20.7kh (a, a’), 75kh (b, b’) and 122kh (c,c’). The corresponding elements are

indicated in the maps.
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Fig. 9. EDX analysis of precipitates replica from EUROFER97 annealed at 600 °C for 10kh (a). The Cr and V maps are shown in the parts (b) and (c) respectively. The
Z-phase particle is marked with turkis arow whereas VN particle is marked by yellow arrow.

4.1. Temperature- and time-dependent alteration of existing precipitates

Thermal annealing leads to a size modification of the precipitates
present in EUROFER97. The size increase of My3Cg precipitates was
measured at temperatures above 550 °C, while at lower temperature
particle size slightly decrease (Fig. 11a). Pronounced coarsening after
17kh annealing was observed at 650 °C (increase in average size by a

factor of ~ 3), whereas the growth rate is significantly lower at lower
temperatures. At 550 °C, a moderate increase to the size of M33Cg par-
ticles was observed, from 110 nm to 155 nm after 122kh with little
growth observed up to 20kh. A moderate decrease in the precipitate size
was observed at 450 °C and 500 °C (Fig. 11a), that indicates the disso-
lution process of the M23Ce precipitates during long-term annealing.
The influence of heat treatment on the size of MX precipitates (e.g.



M. Klimenkov et al.

Nuclear Materials and Energy 35 (2023) 101451

Fig. 10. EDX analysis of precipitates replica from as-delivered EUROFER97 (a) and annealed at 650 °C for 17kh (b). The images demonstrate the coarsening of M23Ce

precipitates.
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Fig. 11. Size evolution of M33C¢ (a), VN (b), TaC (c) and TiN (d) precipitates depending on annealing time and temperature.

VN, TaC and TiN) is less pronounced than on the My3Cg particles. Their
size increases for about 20% at 650 °C, whereas at lower temperature it
remains almost stable or decreases (Fig. 11b-d). The significant decrease
in VN particle size observed at 600 °C is likely due to increased V and N
consumption for the formation of the Z-phase. At the lower temperatures
where the Z-phase does not form, the VN particles show minor size
decrease even at times > 10°h. The TaC particles also grow at 650 °C,
while their size decreases at lower temperatures (Fig. 11c). A particu-
larly pronounced decrease from 45 nm to 36 nm was observed for

annealing times > 100kh at 550 °C. TiN particles also grow at 650 °C,
but their size remains stable at all other temperatures.

Annealing at 500 °C and higher results in changes of the composition
of the precipitates (Fig. 12). For this diagram, the data from the samples
with the longest annealing time at each temperature were used. The data
from the samples annealed at 450 °C were not taken for this analysis, as
the changes of composition were not detected. The My3Cg precipitates
indicate an increase in Cr content and a decrease in Fe content with
increasing annealing temperature, while the W and V contents do not
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Fig. 12. Evolution of concentrations of metallic components (wt. %) of My3Ce (a), VN (b) and TaC (c) precipitates with annealing under different conditions.

change significantly (Fig. 12a). The composition of the MX precipitates
shows only minor changes. The Ta content in the VN particles increases
remarkably at 650 °C - the temperature at which coarsening was also
observed. At the lower temperatures, the concentration variations are in
the range of 5%, which can be considered as an uncertainty range
(Fig. 12b). A systematic decrease in V content from 12% to 5% with
annealing temperature was observed for TaC particles (Fig. 12¢). It is
reasonable to assume that this behavior is related to the precipitation of
Ta from the solid solution, whose decreasing concentration can lead to
loss of ductility.

There are few results reporting compositional modification of pre-
cipitates by annealing in similar alloys. Eggeler at all [6] reports
microstructural analysis of 12% CrMo steel after long term creep
experiment at 550 °C for 139kh. They show that Cr content in My3Cg
precipitates increases from 68% to 73%, which is consistent with our

results. This effect has been also been reported by Aghajani et al. [26] in
12% Cr (German grade: X20) martensitic steel.

4.2. Formation of Laves- and Z-phase

TEM analyses show that annealing in the range of 500 °C to 600 °C
leads to the formation of modified Z-phase and Laves-phase particles,
which are not present in the untreated EUROFER97. The V-containing Z-
phase has a crystal structure with a smaller lattice constant than the
conventional, Nb-containing Z-phase, and as a result it was referred to as
modified Z-phase [20]. Their time-temperature formation diagram is
shown in Fig. 13. Since the amount of data is limited, the time-
—temperature conditions for their formation were obtained approxi-
mately. The modified Z-phase was found at 600 °C and 550 °C. At 550, it
was only observed after annealing times of at least 39kh, whereas at
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Fig. 13. The time-temperature precipitation diagram shows the conditions for the formation of Laves and Z-phases.
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600C, Z-phase was found after all annealing times studied. It can be
assumed that its the formation starts at 600 °C after a few thousand
hours annealing. At the initial formation stages (600 °C/10kh), the small
Z-phase particles were often found in association with VN particles
(Fig. 9). This indicates that VN particles serve as nucleation sites for
formation of Z-phase. The size and number density of the Z-phase in-
creases rapidly with annealing time, reaching a size of up to 1 um at
35kh (600 °C). Their occurrence eventually leads to a degradation of the
mechanical properties, which will be described in subsequent works.

The formation of V-containing Z-phase in 9-12% Cr steels was
widely investigated in the past [20,27-29]. The increase in Z-phase was
found to be associated with degradation of mechanical properties, e.g.,
dramatic loss of creep strength [27]. It was suggested that the large Z-
phase grows at the expense of the small highly dispersed MX pre-
cipitates, that have a larger strengthening effect than large Z-phase
particles.

Laves phase particles were detected at 500 °C and 550 °C. At 500 °C,
the Laves phase was detected only in the sample annealed for 108kh,
whereas at 550 °C they were detected starting from 21kh. Since some
particles reach a size of up to 250 nm after 21kh, their formation starts
probably already at few thousand hours. After annealing times up to
75kh, the particles form mainly at the grain boundaries, while at longer
times their formation in the grain interior could be often observed
(Fig. 7¢). The fraction of Laves phase particles with a size < 100 nm is
relatively small at all annealing times (Fig. 8).

At 500 °C, the Laves phase forms and grows in a different way than at
550 °C. The main fraction of Laves phase particles observed at 500 °C
consist of small < 100 nm particles that are mainly located on the M23Cq
precipitates, whereas at 550 °C, the particles have a more globular shape
and are mainly located at the grain boundaries. The fraction of small
particles (<200 nm) compared to the large (>200 nm) Laves phase
particles can be estimated to 25:1. This result indicates that Ma3Cg
precipitates, which can have up to 10 Laves phase particles, served as
nucleation sites for its formation (Fig. 6). This results in the highly
dispersed formation of Laves phase particles.

In several cases, it can be observed that narrow Laves phase particles
form along the grain boundary or between two M3Cg precipitates. Such
structure were often observed in EUROFER97 annealed at 500 °C for
108kh, whereas at 550 °C they are present only at 21kh. Such narrow
particles demonstrate an initial stage of Laves phase formation, in which
W diffusion along the grain boundary plays an important role [30]. In
some cases, however, was observed that such narrow Laves phase nuclei
have formed inside an My3Cg particle (Fig. 14). The concentration pro-
file clearly shows a decrease of Cr and an increase of W intensity, which
supports the fact that the Laves phase particles are located inside M23Cg
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precipitate.

Conventionally, Laves phase is often considered to influence the
microstructure and mechanical properties of those steels [11,12]. It
forms during service exposure, and during the growth phase it becomes
larger than most other particles, but the coarsening rate is slower than
M33Cg [10]. Similar studies with times up to 100kh were performed on
the F82H alloy, which falls into the same class of reduced activation
steels as EUROFER97 alloy [16]. The steel was analyzed by XDR analysis
on the replica, which provides information on the occurrence of
different phases but not on the size of the precipitates. Although the
F82H alloy has similar V and N content, the formation of a Z-phase was
not reported. At the same time, the Laves phase was found to form in the
range from 550 °C to 650 °C, which is higher than in our study. At 650 °C
the presence of Laves phase was detected already after 3kh annealing.
The reason for this difference could be the higher W content (2%) in the
F82H steel, while EUROFER97 contains only 1% W. In generally the
time temperature formation diagram of these both alloys are very
similar.

The formation of Laves phase at 550 °C was reported for CLAM steel
[21]. This correlates with our results as the CLAM steel is more similar to
EUROFER97 than F82H steel. It can be concluded that a higher or lower
W content might play an important role in the formation of the Laves
phase. However, despite the extensive research on long-term aging of
CLAM steels, the formation of a Z-phase has not been reported.

5. Conclusions

The work presents microscopical analysis of EUROFER97 after
annealing in the temperature range from 450 °C to 650 °C and times up
to 122kh. The study focuses on analysis of the size and composition of
precipitates present in untreated material, e.g. MX and M3Cg, as well as
on identification and analysis of new precipitates consisting of modified
Z and Laves phases. The precipitates were analyzed by EDX, EELS
methods and additionally verified using high resolution TEM structural
analysis. The results of the present study can be summarized as follows:

- Time-temperature diagram showing the evolution of precipitates in
EUROFER97 was plotted in range from 450 °C to 650 °C up to an
annealing time of 122 kh. The diagram shows the annealing condi-
tions under which the microstructure remains stable, as well as the
conditions under which the formation of Laves and Z-phase can be
expected.

The formation of a modified Z-phase (CrVN) was detected at 550 °C
and 600 °C. The size of the Z-phase particles can reach up to 1 pm. At
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600 °C, the formation of Z-phase was observed after only a few
thousand hours.

Formation of intermetallic WFe; Laves phase was observed at 500 °C
and 550 °C. At annealing times of>120kh, the size of Laves phase
particles can reach up to 1 pm.

The temperature-induced alterations to the existing precipitates can
be summarized as follows:

o The size of My3Ce precipitates and MX precipitates increases
significantly at 650 °C. At lower temperatures the size of M33Cg
particle moderately increases (600 °C) or even slightly decreases
(<600 °C). The size of MX precipitates decreases slightly at lower
annealing temperatures.

The composition of the precipitates changes only slightly. Cr
content in the Mjy3Ce precipitates increases with increasing
annealing temperature from 67% to 75%. The V content in (Ta,V)C
and (V,Ta)N particles increases slightly with annealing at 650 °C,
while their composition does not show significant changes at lower
temperatures.
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