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Abstract: High-chromium ferritic stainless HiperFer steels were developed for high-temperature
applications in power conversion equipment. The presented research describes the precipitation
behavior of the Laves phase after the thermomechanical treatment of Fe-17Cr-0.6Nb-2.4W HiperFer
alloys with and without the addition of 55 ppm boron. The boron-alloyed variant was produced
with the aim of enhancing grain boundary strengthening and consequently increasing creep resis-
tance. The focus is set on the effect of boron on the thermomechanically induced precipitation of
(Fe,C1,5i),(Nb,W) Laves phase at grain boundaries. The addition of boron modifies the diffusion
conditions in the area of grain boundaries. Consequently, the formation of Laves phase is promoted
and the particle growth and coarsening process are suppressed. The impact of boron addition was
validated by performing creep and thermomechanical fatigue testing in the standard processing
state of HiperFer steel. In the B-alloyed variant, increased creep ductility through the modification
of the particle-free zone widths at high-angle grain boundaries was encountered. Nevertheless, an
optimized thermomechanical treatment is necessary to fully utilize the increased ductility effect for
the creep strength optimization of the B-alloyed grade.

Keywords: high-chromium ferritic steel; boron; intermetallic phase; precipitation

1. Motivation and Introduction

Single-phase, Laves phase-strengthened, HiperFer (High-Performance Ferritic) steels
with a chromium content of 17 wt. % exhibit excellent oxidation and creep resistance for
high-temperature applications in future thermal energy conversion and storage systems at
an increased operating temperature of up to 650 °C. The desired high-temperature proper-
ties are achieved through the solid solution and Laves phase-precipitation-strengthening
effects [1,2]. The formation of the strengthening intermetallic Laves phase (Fe,Cr,5i),(W,Nb)
is promoted with the optimized alloying of tungsten, niobium, and silicon. HiperFer steels
are typically produced solely utilizing conventional thermal processes [3]. This process
contains time-consuming, two-step tempering to achieve nucleation and growth of the
desired Laves phase particles. Therefore, a significantly more time-efficient and economical
thermomechanical manufacturing process was developed [4-6], achieving rapidly occur-
ring thermomechanically induced Laves phase precipitation, which is used in this paper
as well.

The improved creep strength is achieved by an increased volume fraction of the
strengthening Laves phase particles in the grain interior as well as a complete occupation
of the grain boundaries [2,7,8]. Creep deformation is substantially determined by the
coarsening of the Laves phase particles. Creep damage and failure are generally attributed
to grain boundaries and the accumulated plastic deformation in the particle-free zones
located next to the grain boundaries [9,10]. In general, broad precipitate-free zones have a
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negative impact on the mechanical properties and lifetime of the material [11,12]. Due to
the absence of particles, these zones are softer than the surrounding precipitation-hardened
matrix. Plastic deformation is concentrated in these zones along the grain boundaries,
increasing the risk of grain boundary fracture. However, a positive effect of precipitate-free
zones on ductility has been observed in highly precipitation-strengthened alloys [13,14].
This can be explained by specific dislocation processes. Sufficient minimum width of the
precipitate-free zones allows slip and cross-slip of dislocations to a high degree and thus
convey a uniform deformation of adjacent grains [12].

To further improve the high-temperature properties of the HiperFer steel class, re-
search was conducted at RWTH Aachen, IEHK, and Forschungszentrum Jiilich, IEK-2,
and continuous optimizations of the chemical composition were applied [2,9,15-17]. To
inhibit the coarsening tendency of the grain boundaries strengthening particles as well
as the grain growth and, therefore, further improve the creep resistance in heat-resistant
steels, it is stated that the addition of boron can be used [18-20]. Furthermore, it has been
reported that grain boundary segregation of boron additionally promotes the precipitation
on the grain boundaries resulting in a higher number density of fine precipitates [18,21].
The HiperFer steel alloy design is based on the practical absence of nitrogen and carbon
addition, supporting the Laves phase precipitation by preventing the formation of niobium,
tungsten, and chromium carbides, nitrides, or carbonitrides [5,15]. Therefore, no nitrogen
(<0.001 wt. %) and no carbon (<0.01 wt. %) are present in the chemical composition.
Correspondingly, no formation of boron nitrides or incorporation of boron into carbides
occurs and the availability of boron for microstructure stabilization is ensured.

In this study, two high-purity HiperFer steels were used in order to investigate the
inherent precipitation behavior of the Laves phase. The objective of this study was to clarify
the impact of the addition of 55 ppm boron on the thermomechanically induced Laves
phase precipitation, especially at the grain boundaries.

2. Materials and Experimental Methods
2.1. Material Preparation

Two 80 kg HiperFer stainless steel batches (Fe-17Cr-0.6Nb-2.4W), without boron (B0)
and with the addition of 0.0055 wt. % boron (B55), were investigated in the present study.
The materials were melted in a 2 kHz vacuum induction furnace and cast, followed by
air cooling, at RWTH Aachen, IEHK. Afterward, the material was homogenized for two
hours at 1200 °C and hot forged. Subsequently, the material was dissolution-annealed
for 10 min at 1150 °C. Dissolution annealing is necessary to achieve a precipitation-free
ferritic microstructure prior to processing. The chemical composition of these two HiperFer
stainless steels is listed in Table 1. The carbon and nitrogen contents were analyzed by
Thermal Carrier Gas Extraction (TGHE) utilizing a LECO TruSpec® Micro instrument
(LECO Corporation, St. Joseph, Michigan, USA). Based on the chemical composition,
thermodynamic calculations of equilibrium phases were performed using ThermoCalc
simulation software (Database TCFES).

Table 1. Chemical composition in wt. % of the investigated alloys.

Alloy C N Si Mn Cr Nb W B Fe

B0 <0.01 <0.01 0.27 0.19 16.8 0.64 241 - bal.
B55 <0.01 <0.01 0.30 0.20 16.8 0.62 2.35 0.0055 bal.

Laves phase precipitation induced by thermomechanical treatment was investigated
based on the thermomechanical processing chain of HiperFer steels [4,5]. The trial treat-
ments for the in-depth investigations into the thermomechanically induced precipitations
were performed by applying a DIL-805A /D dilatometer from TA Instruments (Hiillhorst,
Germany) utilizing cylindrical dilatometer samples (¢ 5 x 9 mm?) by varying the defor-
mation temperatures (800/850/900 °C) and deformation grades (0.25/0.5/1). All further
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parameters, such as heating rate (100 °C-min~!), deformation rate (10 s~!), and cooling
rate (150 °C-s~ 1), were held constant. The provided time-temperature process route as a
part of the processing chain is depicted in Figure 1.
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Figure 1. Thermomechanical processing chain applied in the deformation of small-trial-processing
specimens for the in-depth investigation of thermomechanically induced precipitation of the strength-
ening Laves phase. Varying deformation temperatures T, (800/850/900 °C) and deformation grades
¢ (0.25/0.5/1) were applied. Tp;gs indicates the calculated Laves phase dissolution temperature.

For the mechanical characterization, 15 mm thick plates were prepared from both of
the alloys by forging the casted blocks, cutting, soaking (1140 °C/2 h), and multiple rolling
(four passes, T: 950-920 °C) with interpass annealing (1085 °C/10 min.) and subsequent
water cooling (for details of the applied processing route, named “_4", refer to [6]). All
of the rolling passes were carried out below the Laves phase dissolution temperature to
prevent excessive grain growth. Interpass annealing was performed above the Laves phase
dissolution temperature for a suitably short time to allow stress reduction and diminish
grain growth. According to the outlined forging process of the dilatometer specimens, the
final rolling pass of the plate materials was performed without prior interpass annealing
and below the Laves phase dissolution temperature. Regardless of boron addition, the same
procedure was applied for both of the alloys B0 and B55 to ensure one-on-one comparability
of the mechanical characterization results.

2.2. Microstructure Analysis

The precipitation behavior was investigated using scanning electron microscopy
(SEM)—Zeiss Xigma (Jena, Germany) with an in-lens detector for high-resolution imaging.
All SEM samples were examined in a reproducible, polished state. Quantitative particle
analysis was performed utilizing the Java-based image processing software Image]J (version
1.53f). Based on the SEM resolution, all precipitates below 10 nm as well as clearly identifi-
able inclusions (e.g., niobium oxides) were excluded from further evaluation. The Laves
phase area fraction was calculated as a percentage of the area only in the grain interiors
without considering the precipitate-free zones. Twenty to forty thousand intragranular
particles were analyzed per sample. Regarding the number of particles and the symmet-
rical angular shape of the precipitates, the area fraction represents a quantitative value
that allows statements to be made about the Laves phase precipitation. Since very fine
precipitates in high number density occur on the grain boundaries, a quantitative analysis
of the mean particle size in this area was impossible to provide due to the overlapping of
precipitates. Therefore, a determination of the grain boundary coverage ratio by Laves
phase for both investigated alloys was performed. This value represents a ratio of the
grain boundary length occupied by Laves phase precipitates relative to the total grain
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boundary length. Additionally, light optical microscopy (OM) (Leica Microsystems, Wet-
zlar, Germany) was carried out to provide an overview of microstructure images, made
visible by the Lichtenegger and Bloech (LB) etching method. This is composed of 100 mL of
distilled water, 20 g of ammonium hydrogen difluoride, and 0.5 g of potassium sulfide. The
hardness was determined using the Vickers method (HV10) (Wolpert, Bretzfeld, Germany)
in accordance with the standard [22] at ambient temperature.

2.3. Mechanical Testing

To validate the impact of boron addition on the high-temperature properties of the
HiperFer steel, class creep and thermomechanical fatigue experiments were performed.
Due to the limited sample size for thermomechanical treatment on the laboratory scale
and the comparability with previous research results using the BO composition, the B55
material was thermomechanically treated in the same way as the non-boron-alloyed B0
composition [4] in the first approach. This means that both alloys in this study were cold-
rolled (CR), applying the same procedure [6]. Mechanical testing was performed on the
materials in the as-rolled state. Creep testing was performed utilizing cylindrical standard
specimens (¢ 6.4 x 30 mm?). The samples were crept at a constant load using lever-arm-
type creep machines that were equipped with 3-zone resistance furnaces in laboratory air.
The thermomechanical fatigue experiments were carried out on servo-hydraulic fatigue
testing systems, applying the inductive heating of cylindrical specimens (@ 6.8 x 15 mm?)
in total strain control in a temperature range from 50 to 650 °C (“out-of-phase-cycle”). The
heating and cooling rates during the experiments were held at 10 °C-s~! to minimize creep
at temperatures beyond 580 °C. Additionally, no holding time was implemented at the hot
end of the cycle.

3. Results and Discussion
3.1. Thermodynamic Simulation

The material concept of the HiperFer steel class is based on precipitation hardening
by Laves phase in combination with solid solution strengthening by the high-atom-radius
alloying elements niobium and tungsten as well as a coarse-grained ferritic matrix [2,15].
The two examined materials (B0 and B55) were investigated by thermodynamic equilibrium
calculations. As shown in the phase amount diagram (Figure 2), the HiperFer material
concept consists of the following phases: sigma phase, Laves phase, carbides, and brides.
The Laves phase forms in two different variations, which are termed low-temperature
Laves phase (LTL) (Fe,S5i,Cr)2(Nb,W) in the stability range up to approximately 750 °C, and
high-temperature Laves phase (HTL) (Fe,Si,Cr),(W,Nb) up to approximately 1000 °C. The
LTL is classified as a metastable phase [5,8]. Due to the significantly slow diffusivity of tung-
sten atoms compared to niobium atoms, the metastable, niobium-rich LTL preferentially
nucleates and grows in the early stages of precipitation. As a result of the diffusion-related
“later” availability of the tungsten atoms, the LTL begins to change chemically upon pro-
longed aging. A continuous tungsten enrichment process during isothermal annealing has
already been experimentally observed in the form of two-phase particles with a niobium-
rich core and a tungsten-rich shell, as reported in [9,23-25]. The tungsten enrichment of
the LTL particles proceeds until the thermodynamically stable chemical composition of the
tungsten-rich HTL is reached [5,24,25]. The niobium carbides (NbC) in BO exhibited high
thermodynamic stability, and their dissolution temperature was above 1250 °C. However,
due to the low carbon content of <0.01 wt. % and the low phase fraction, they are not of
any major relevance. The boron-alloyed steel B55 shows no formation of carbides. On the
other hand, the formation of a low amount of chromium borides (Cr,B) was simulated.
The solubility limit of boron in ferrite is limited to 0.004 wt. % at 700 °C and 0.08 wt. % at
900 °C [26].
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Figure 2. Results of the thermodynamic equilibrium calculation of phase amount in the investigated
reference B0 and the boron-alloyed B55 alloy (ThermoCalc, database TCFES).

The thermodynamic equilibrium calculation was based on the chemical composition
of the alloys given in Table 1. The pictured differences in the phase amounts of the (Fe,Cr)-
Sigma and the Laves phase are a result of the slight divergence in the chemical composition
of the investigated alloys, particularly because of tungsten and niobium (B0: 2.41 W, 0.64 Nb,
and B55: 2.35 W, 0.62 Nb in wt. %). The main Laves phase-forming elements niobium and
tungsten exhibit a considerable impact on the amount of Laves phase by an infinitesimal
increase: Tungsten supports the HTL formation and niobium the LTL [15,17]. Silicon (BO:
0.27 Si and B55: 0.30 Si in wt. %) affects the precipitation kinetics of the Laves phase
positively and significantly since it accelerates its formation due to the decreasing solubility
of niobium and tungsten in the ferritic matrix [27,28]. Additionally, nucleation of the Laves
phase preferentially takes place at segregation regions of silicon and Laves-phase-forming
elements [29]. The calculated chemical composition of the HTL as well as the LTL at 650 °C
is given in Table 2. Based on the thermodynamic equilibrium calculation results, boron
does not participate in the Laves phase-forming process and therefore shows no impact
on the Laves phase amount, which is in good agreement with the literature [19,21]. This
was additionally verified by a calculation utilizing the nominal chemical composition
Fe-17Cr-0.6Nb-2.4W and a 55 ppm boron variation.

Table 2. Calculated chemical composition of the occurring Laves phases at 650 °C (in wt. %;
ThermoCalc, database TCFES).

Alloy Laves Phase Si Cr Nb W Fe
BO LTL 24 22 35.2 16.1 441
HTL 0.3 6.7 12.3 45.9 34.8
B55 LTL 2.8 2.0 35.3 15.7 442
HTL 0.4 6.8 12.1 46.4 343

3.2. Precipitation Behavior—Grain Interiors

The thermomechanical treatment of the investigated alloys was performed at different
temperatures. The microstructure OM overview images at a constant deformation grade of
0.5 and increasing deformation temperature are shown in Figure 3. The obvious differences
in the microstructure can be supported by the intragranular particle analysis results based
on the SEM images. Figure 4 depicts the influence of the deformation temperature at a
constant deformation grade of 0.5 on the mean particle size in the grain interior and the
corresponding Laves phase area fraction.
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Figure 3. Impact of the deformation temperature of 800 °C/850 °C/900 °C with a 0.5 deformation
grade of the reference B0 in comparison to the boron-alloyed B55 steel.
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Figure 4. Quantitative particle analysis results: (a) mean particle size in the grain interior (GI) and
(b) area phase fraction after thermomechanical treatment of the reference BO and the boron-alloyed
B55 steel with varying deformation temperature (800/850/900 °C; deformation grade, 0.5).

In both of the alloys, the precipitation of a multitude of fine (<0.1 um) Laves phase
particles was achieved at the deformation temperature of 800 °C. An increase in forging
temperature to 850 °C and 900 °C resulted in an acceleration of the diffusion-related growth
and coarsening processes by decreasing the driving force. Correspondingly, the formation
of significantly coarser Laves phase particles (>0.5 pm at 900 °C) can be observed along
with a reduced area fraction below 0.5%. The highest Laves phase area fraction of 4.1% was
achieved in B55 after thermomechanical treatment at 800 °C and a deformation grade of
0.5. A very fine, homogeneously dispersed Laves phase precipitation with a mean particle
size of 0.08 um was formed under these conditions. The boron-alloyed B55 steel exhibited
slightly finer precipitates and comparable area phase fraction than the alloy BO. Solely
at the deformation temperature of 800 °C, a significant area phase fraction difference of
intragranular Laves phase precipitates (B0: 1.8%, B55: 4.1%) was observed.

Due to the rapid deformation process, the acceleration in kinetics based on the slightly
higher silicon content in B55 shows major importance in this process at 800 °C compared to
the BO alloy. Additionally, due to the presence of particle-free zones in B55 (see Figure 3)
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and therefore depletion of the Laves phase-forming elements in these areas, the grain
interior area is smaller and the alloying atoms number is significantly higher in comparison
to the alloy BO.

By increasing the deformation grade and therefore creating additional nucleation sites
in the form of dislocations, a tendency toward finer precipitation can be observed. The
quantitative analysis results of intragranular mean particle size and area phase fraction
are displayed in Figure 5. The reference B0 alloy demonstrated higher sensitivity to the
variation in the deformation grade than B55. The B55 alloy exhibits a slightly decreasing
tendency. Increasing the deformation grade from 0.25 to 0.5 caused finer precipitation.
B0 exhibited a decrease in mean particle size from 0.17 pum to 0.10 um, whereas B55
from 0.10 um to 0.08 um. This higher sensitivity of BO to the deformation grade can be
explained by the lower silicon content. The acceleration of precipitation kinetics due to
the dislocations serving as nucleation sites exhibits a more significant impact because of
the lower number of silicon segregation areas compared to B55. In other words, the lower
number of created nucleation sites (dislocations) in B55 can be compensated by accelerated
kinetics due to increased silicon content. Even an infinitesimally higher silicon content
results in a considerable promotion of the fine Laves phase precipitation [27,28].
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0.250 50
]
0.200 . 4.0 é 4 }
= S
£ oa75 - z 251
E 0.1501 S 3.0
= m
@ 0.125 = 2.5
» 8
o 0.100] 8 2.0/ ;
£ 0075 o 151
& e
0.050- < 1.0
0.025/ 0.5l = BO
A B55
0.0004 0.0+ : . .
025 05 1 0.25 05 1
Deformation grade (—) Deformation grade (—)

Figure 5. Quantitative particle analysis results: (a) mean particle size in the grain interior (GI) and
(b) area phase fraction after thermomechanical treatment of the reference BO and the boron-alloyed
B55 steel with deformation grades from 0.25 to 1 at an 800 °C deformation temperature.

The described results for the quantitative intragranular particle analysis of the grain
interior Laves phase precipitation can be validated by OM overview images with a constant
deformation temperature of 800 °C and increasing deformation grade, as shown in Figure 6.
Significantly broader precipitate-free zones can be observed in B55. These alloying element-
depleted areas imply changed diffusion conditions due to the boron addition as well as
a different content of Laves phase-forming elements in the grain interiors. Consequently,
higher silicon content in combination with a dissimilar content of Laves phase-forming
elements in the grain interiors results in a higher area phase fraction in B55. The achieved
Laves phase area fraction in the grain interior remains constant (B0: ~1.9%, B55: ~3,9%) in
both investigated alloys with variations in deformation grade.
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Figure 6. Impact of the deformation grade variation (0.25/0.5/1) at an 800 °C deformation tempera-
ture on precipitation in the reference B0 in comparison to the boron-alloyed B55 steel.

3.3. Precipitation Behavior—Grain Boundaries

Based on the high diffusivity of boron and the fact that boron has a strong tendency
to segregate to grain boundaries [30-32], the boron effect in HiperFer steels can be further
demonstrated by a different precipitation behavior at the grain boundaries. Figure 6 con-
tains light optical overview micrographs of both investigated alloys after thermomechanical
treatment at 800 °C with dependency on increasing deformation grade. The observed Laves
phase precipitates at the grain boundaries in the boron-alloyed B55 steel are finer and higher
in number than in the reference alloy BO. It has been reported that boron segregation to
the grain boundaries promotes the precipitation process [18,19,33]. Furthermore, a strong
reduction in the Ostwald ripening process of precipitates is achieved in this area [19]. The
accumulation of boron at the grain boundaries occurs predominantly by nonequilibrium
segregation (at a cooling rate of 150 °C-s~!). Due to the changed chemical composition
in the grain boundary area, the diffusion processes also differ with respect to the grain
interior [34]. Since very fine precipitates in high number density occur on the grain bound-
aries, a quantitative analysis of the mean particle size in this area was impossible due to the
overlapping of the precipitates. Therefore, a comparison of the grain boundary coverage
ratio by Laves phase for both investigated alloys is given in Figure 7. The fraction of the
grain boundary length covered by Laves phase is higher in the boron-alloyed steel B55
despite the observed lower mean particle size. The maximum value of the grain boundary
coverage ratio of 76% has been reached with a deformation grade of 0.25 at a deformation
temperature of 800 °C. For austenitic heat-resistant steels, it has been reported that the
strengthening effect of Laves phase (Fe;Nb) depends on this grain boundary coverage
ratio [18]. Thus, higher Laves phase occupation of the grain boundaries results in better
creep resistance [18].

Due to the changed diffusion conditions by segregated boron, the transport of Laves-
phase-forming elements to the grain boundaries is accelerated [18,19]. Furthermore, the
grain boundary is substantially occupied by boron atoms, and, therefore, the number of
nucleation sites for the Laves phase increases [19,33]. Consequently, the creation of a higher
number of nucleation sites is promoted and fine Laves phase particles can be formed.
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Figure 7. (a) Grain boundary coverage ratio (Laves phase precipitates occupied grain boundary
length relative to the total length) after thermomechanical treatment with varying deformation grades
of 0.25/0.5/1 at an 800 °C deformation temperature. (b) SEM-BSE precipitation images (800 °C with
0.5 deformation grade).

Comparing the microstructures of the two investigated alloys, a significant difference
in the precipitation behavior along the grain boundaries can be observed (see Figure 6). The
boron-alloyed steel B55 exhibits distinct precipitation-free zones in contrast to the reference
alloy BO. The broader precipitate-free zones correspond to the accelerated transport of
alloying elements to the grain boundaries, caused by boron segregation. The following,
diffusion-related growth and coarsening processes of the formed Laves phase particles are
retarded by the presence of precipitate-free zones and, accordingly, the increased transport
distance. Furthermore, the width of the precipitate-free zone decreases by increasing the
deformation grade in B55 (see Figure 6). According to the literature, a different formation
mechanism of precipitate-free zones occurs as a result of boron addition [33,34]. The
precipitate-free zones in boron-free alloys are related to the depletion of precipitation-
forming elements as a consequence of the accelerated diffusion of atoms to the grain
boundaries. On the contrary, particle-free zones in boron-alloyed steels are formed due to
the accelerated diffusion processes as well as the changed segregation degree and diffusivity
of other elements [33-37].

In general, the predominant nonequilibrium segregation of boron at grain boundaries
depends primarily on the cooling rate and the starting temperature [31]. Considering the
thermomechanical treatment, the degree of boron segregation shows a dependency on
further parameters such as dislocation density, grain boundary velocity, or recrystalliza-
tion temperature [20]. The dislocations absorbed into grain boundaries are not removed
immediately; therefore, the grain boundary thickness and distortion are influenced [20].
Correspondingly, the segregation degree of boron increases. Additionally, the thermome-
chanical treatment creates a partially elongated grain structure. Due to the coarse grain
size of HiperFer steels in general, the significant inhomogeneity of the grains as well as
the small size of the dilatometer samples, a quantitative comparison of the grain size is
not possible. The microstructure, including grain boundary length and grain size, also
determines the degree of segregation of boron, limiting dissolution, boride formation, and
the resulting availability of free boron atoms. However, based on the different deformation
grades and, therefore, distinct dislocation density as well as nonidentical grain boundary
length, the boron distribution at the grain boundaries can differ. As a result, no constant
segregations and diffusivity conditions are created by varying the deformation grades near
the grain boundaries resulting in a clear impact of the deformation grade on the width of
precipitate-free zones.
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250

3.4. Mechanical Properties

The hardness results, indicating mechanical properties, are displayed in Figure 8.
Due to thermomechanical processing, hardness is increased in comparison to the solution-
annealed condition. Based on this comparison, the strengthening effect of the treatment as
well as the chemical composition can be assessed. The hardness of B0 in the precipitation-
free state after dissolution annealing is higher than the hardness of B55. This slight dif-
ference is caused by a higher solid solution strengthening effect in the reference steel BO
because of the higher contents of the high-atom-radius elements tungsten and niobium. As
expected, thermomechanical treatment increases the hardness values based on the combi-
nation of precipitation and work hardening. By increasing the deformation temperature,
coarser precipitates are formed. As a result of the coarser precipitates and the correspond-
ing larger particle distances, a noticeable decrease in the precipitation strengthening effect
and therefore in hardness can be observed. Moreover, the promotion of diffusion-induced
softening mechanisms by higher deformation temperatures has to be considered. Increasing
the deformation grade creates a higher density of dislocations and increases the number of
nucleation sites of the Laves phase particles. Accordingly, a higher effect of precipitation as
well as deformation strengthening can be observed. Independent of the treatment parame-
ters, B55 exhibits higher hardness values in comparison to BO. These results agree with the
microstructural observations described above. A finer Laves phase precipitation, higher
area phase fraction, and an observably higher density were found in B55. Correspondingly,
a higher precipitation strengthening effect was achieved.
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Figure 8. HV10 hardness results of the thermomechanically treated alloys B0 and B55 in comparison
to the precipitate-free microstructure after solution annealing in dependence on (a) deformation
temperature with a 0.5 deformation grade and (b) a deformation grade at an 800 °C deformation
temperature.

3.5. High-Temperature Mechanical Properties

The outlined microstructural differences demonstrate a decent impact on the creep
properties of the trial steels. Using a test stress of 120 MPa (rupture times tg: BO: 2.010 h;
B55: 1.788 h, Figure 9a), the B55 alloy performs within a —5% scatter band (in terms of
stress, Figure 9b) of the BO-alloy fit line. At 100 MPa (tg: BO: 5.334 h; B55: 4.113 h) and
70 MPa (t: BO: 32.335 h, in progress; tg: B55: 15.736 h) it undershoots this range (Figure 9b).
The transition from the primary to the tertiary creep stage (HiperFer steels yield minimally
to an almost absent secondary creep [6]) obviously appears much earlier in the case of
alloy B55.
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Figure 9. Creep curves (650 °C) of the trial steels. (a) Stress-rupture performance relative to the
state-of-the-art structural steels used for power engineering (blue: B0, magenta: B55; solid lines:
120 MPa, dashed lines: 100 MPa, dotted lines: 70 MPa). (b) The 70 MPa experiment with the B0-alloy
is still in progress—the fit line, for this reason, is still premature. Creep data were taken from BO [6],
MarBN [38], T/P92, 316L [39].

On the other hand, B-alloying leads to an increase in creep rupture elongation at all
the investigated stress levels/rupture times (Figure 9a). Both these findings are in good
accordance with the previously outlined microstructural differences because creep damage
of HiperFer steels is mainly governed by the accumulation of creep deformation within
creep soft precipitate-free zones at grain boundaries [9,10]. The boron in B55 leads to creep
in stronger grain interiors (because of smaller and more numerous Laves phase precipitates),
stronger grain boundaries (because of boron segregation), and higher precipitate-free zone
widths. In turn, intragranular creep deformation and grain boundary slip decrease, which
leads to increased localization of creep deformation within the wider precipitate-free zones.
This, on the one hand, enables increased rupture elongation; however, on the other hand, it
also causes premature damage and failure.

Improved creep damage and rupture performance of the boron-alloyed B55 steel
may be accessible through reduced precipitate-free zone widths based on altered ther-
momechanical processing. The potential reduction in creep rupture elongation may be
counterbalanced by tuned grain size.

The HiperFer steel grades were designed for improved fatigue resistance [8] at high
temperatures, based on improved stability of the grain structure [40-42] and active crack
obstruction by the thermomechanically induced precipitation of Laves phase particles in
front of crack tips [7,43,44]. The thermomechanical fatigue life behavior of the reference
HiperFer steel BO and the boron-alloyed variant B55 in comparison to the relevant AFM
grades and the austenitic, stainless steel 316L is depicted in Figure 10.

As with most materials, the fatigue of HiperFer-like steels is a predominantly trans-
granular phenomenon [41,44]. The wider precipitate-free zones at grain boundaries, which
limit the creep resistance of B55 (Figure 9) do not play a significant role in fatigue perfor-
mance. Consequently, the boron-alloyed B55 batch performs similarly to the boron-free
material BO.
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Figure 10. Thermomechanical fatigue testing (AT: 50-650 °C, dT/dt: 10 Ks™, emech. = —1 to
—0.48-etherm., NO holding times at Trin, /Tmax.) results of the alloys BO and B55 in comparison to
advanced ferritic-martensitic grades (AFM: grade 92, MarBN) and stainless, austenitic steel (316L).
B0, T/P92, MarBN, and 316L data from [7].

4. Conclusions

A review of thermomechanically induced Laves phase precipitation in boron-free and
boron-alloyed HiperFer steels of the nominal chemical composition Fe-17Cr-0.6Nb-2.4W
has been provided. An acceleration of Laves phase precipitation at grain boundaries due
to the added boron in HiperFer steels has been observed. In this new class of steels, the
availability of solute, grain-boundary-active boron atoms is promoted by the practical
absence of nitrogen and carbon and the nonparticipation of boron in (Fe,Cr,5i),(Nb,W)
Laves phase formation. Independent of the thermomechanical treatment parameters, the
tendency of early boron segregation at grain boundaries is beneficial for the refinement of
intragranular Laves phase precipitates. Furthermore, boron addition boosts grain boundary
coverage by Laves phase precipitates.

The significant impact of boron on the diffusion conditions in the area next to the grain
boundaries has been demonstrated by a distinct increase in precipitation-free zone (PFZ)
widths with the addition of boron. The widths of these PFZs play an important role in creep
damage and failure of HiperFer steel. Boron alloying causes wider PFZs, which in turn
leads to increased strain accumulation within these. Therefore, creep rupture deformation
is improved; however, creep failure appears prematurely in comparison to the boron-free
parent alloy. The thermomechanical fatigue resistance is not affected by boron alloying
because fatigue is a mainly transgranular phenomenon.

Furthermore, PFZ formation exhibits a dependency on the grade of deformation
during processing. The further optimization of thermomechanical processing toward
increased creep rupture deformation and creep rupture time seems possible, for this reason,
if a suitable combination of grain size and PFZ width is found.
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