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Abstract: The combined addition of Nb and W provides increased solid solution and precipitation
strengthening by (Fe,Cr,5i),(Nb,W)-Laves phase particles of ferritic, 17 wt.% Cr stainless high-
performance ferritic (HiperFer) steel. Based on alloy modifications and the obtained hardness, tensile,
and creep testing results; a new high alloying variant is proposed as a candidate steel for future
structural application up to approximately 680 °C in power engineering and the process industry.
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1. Introduction

High-chromium, ferritic stainless steels are widely known for their excellent high-temperature
oxidation resistance, but are typically considered to be non-hardenable, and thus not applicable for structural
application at an elevated temperature. Previous research demonstrated that viable creep properties can
be obtained in ferritic steel based on precipitation of a variety of intermetallic phase precipitates [1-4].
A proprietary development at Forschungszentrum Juelich GmbH, Germany, features a ferritic stainless steel
strengthened by a combination of solid solution strengthening and precipitation of (Fe,Cr,Si),(Nb,W)-Laves
phase particles [5-8]. Optimization of these high-performance ferritic (HiperFer) steels so far cumulated in
an alloy, which can combat the strongest low-cost, heat-resisting structural steels [9] typically applied in
power engineering and the process industry up to approximately 680 °C. Alteration of the main Laves
phase constituting elements W, Nb, and Si strongly influences the mechanical properties by modification of
the solid solution and precipitation strengthening effects in such alloys. The relation of W and Nb contents
directly affects short-term precipitation and long-term particle growth kinetics. This paper provides
comprehensive information on the impact of combined Nb- and W-addition on microstructure and some
mechanical properties of HiperFer steel.

2. Methods and Materials

2.1. Alloy Design and Production

Based on the HiperFer 17Cr2 (2.4W0.6Nb) prototype alloy [9-12], the chemical compositions of the
trial alloys were systematically varied in thermodynamic equilibrium calculations (utilizing the commercial
software package Thermocalc®, database: TCFE?), including an increase in niobium to 1 wt.% and
a variation in tungsten content from 2.4 wt.% up to 4 wt.% (Table 1). High-purity lab melts were then
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manufactured by vacuum induction melting of high-purity raw materials, casting, soaking at 1250 °C for
2 h, and forging (3 steps from 140 x 140 mm? to 92 X 92 mm? in the temperature range from 1250 °C
to 950 °C, interstage annealing: 1250 °C, 20 min.) at the Steel Institute of RWTH Aachen University.
Prior to examination, all the materials were solution annealed (SA) at 1200 °C for 30 min and subsequently
water quenched.

Table 1. Compositions of the base (17Cr2) and the high W/high Nb model alloys, wt.%.

Model Alloy Ct W Nb Si Mn Fe
17Cr2 (2.4W0.6Nb) 1710 241 063 025 0.18 R
2.6W1Nb 1743 283 09 02 027 R
3.1WI1NDb 1737 327 10 02 023 R
4W1Nb 1730 397 093 02 023 R

2.2. Microstructural Investigation

Samples for microstructural investigation were cut from annealed specimens and cold mounted in
epoxy resin for preparation. The mounted samples were ground and polished (applying diamond polish
solution down to 1 um of roughness, followed by Al,Oj3 in dilute KOH solution, utilizing vibration
polishing as the final step). The samples were then etched in ethanol/H,SOy solution for 3 to 5 s. Images
of a resolution of 6144 x 4608 pixels were taken utilizing a Zeiss Merlin high-resolution field emission
scanning electron microscope (HR-FESEM). The images were analyzed quantitatively (utilizing the
software package analySIS pro) applying the method reported by Lopez et al. [13].

2.3. Mechanical Testing

Vickers hardness testing, applying 10 N of testing force (i.e., HV) in a Buehler Micromet®1 hardness
tester, was performed to evaluate the effect of alloying on solid solution hardening, precipitation kinetics,
and particle hardening. Ambient temperature tensile experiments were performed at flat, miniature size
specimens (gauge dimensions: 10 x 2 X 1 mm?3). The tensile tests were carried out applying a strain rate
of 1073 s71, utilizing an Instron 1362 testing machine. Compression creep experiments at cylindrical
minijature (d: 3 mm, h: 3.5 mm) specimens were carried out at 650 °C in an Instron 8862 testing
machine (Instron, Darmstadt, Germany). A type S thermocouple was attached to the specimen to
control the testing temperature to an accuracy of +/— 1 °C. The decrease in effective testing stress
by specimen strain was neglected, but limited by restriction of the maximum strain to less than 2%.
All the mechanical testing specimens were cut by electrical discharge machining.

3. Results and Discussion

3.1. Thermodynamic Modelling of Alloy Compositions

Figure 1 displays simplified, calculated phase diagrams of the alloy compositions given in Table 1.
According to the calculations, the increase in Nb-content improved the stability temperature range
of the so-called high-temperature Laves (HTy, cf. Figure 1) phase from less than 1000 °C to about
1100 °C in comparison to the 17Cr2 prototype steel. The improvement in the stability (from less than
650 °C to about 740 °C) range and the volume fraction (less than 0.5% to more than 1%) of the so-called
low-temperature (LT}, cf. Figure 1) Laves phase indicated that the addition of Nb preferentially
benefited the nucleation of the LT phase. W had a positive effect on the phase fractions of both
the types of Laves phase too [14].

The calculations indicate the LT} phase as an equilibrium phase; but in light of the results
outlined in [15-18], it rather has to be considered a metastable, non-equilibrium phase. In this respect,
the description of the Laves phase in the applied database does not seem accurate enough for correct
calculations in the present alloying system.
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Figure 1. Phase volume fraction of the high W/high Nb trial alloys in comparison to the HiperFer
17Cr2 [9-12] prototype alloy (calculated utilizing the commercial software package Thermocalc®,
database: TCFE7).

In contrast to the calculations, the combined addition of W and Nb in the investigated ranges did
not trigger the undesirable o-phase precipitation at temperatures equal or higher than 600 °C [8] in
the presented steels.

3.2. Precipitation Behaviour

Typical microstructures of the steels after annealing at 650 °C for 10 h are depicted in Figure 2.
In comparison to the 17Cr2 alloy (Figure 2a), the high alloy steels (Figure 2b—d) presented higher
densities of finer Laves phase particles.

(© (d)

Figure 2. Microstructures of the precipitation-treated steels: (a) 17Cr2 (2.4W0.6Nb) base alloy; (b) 2.6W1Nb;
(c¢) 3.1W1NDb; and (d) 4W1ND (SA + 650 °C/10 h).
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Quantitative image analysis was applied to characterize the intragranular precipitation behavior
of the high W/high Nb alloys during aging at 650 °C. Figure 3a displays the particle volume fraction
evolution of the trial and the base steels. The corresponding average ECD (equivalent circle diameter)
data is displayed in Figure 3b.
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Figure 3. Evolution analysis during annealing at 650 °C: (a) volume fraction evolution; (b) average
equivalent circle diameter (ECD) evolution.

Within the range of scatter, but still significant, all the alloys presented complex, “wavy” area fractions
and ECD evolution. Precipitation of the LT} and HT; phases took place at differing kinetics [15-18],
which directly influenced the results of quantitative image analysis. Undoubtedly, all the trial alloys
provided higher precipitate fractions after 1000 h of aging (Figure 3a). The measured fractions were almost
a factor of two higher than predicted by thermodynamic calculation (Figure 1), which is most probably
caused by the fact that, after just 1000 h at the annealing temperature of 650 °C, equilibrium conditions were
not yet reached. With increasing W-content, the mean particle diameter decreases by about 20% (Figure 3b).

The impact of Nb-addition can be directly observed from comparison of the 17Cr2 base (2.4W0.6Nb)
to the 2.6WI1ND trial alloy. Nb obviously increased the volume fraction of precipitates mainly during
a short time of annealing (Figure 3a) and additionally refined the particles (Figure 3b). Because Nb is
the main element in LT}, phase core nucleation [15-18], the concentration of Nb directly influenced
nucleation kinetics and amount of the initially formed Laves LT} phase precipitates. At 1 wt.% of
Nb concentration, the extra addition of W further increased particle volume fraction. The precipitate
size evolution with time indicates that the addition of W stabilized size. Considering the W-rich shell
structure of the early stage LTy, phase particles [15-18], the segregation of the slowly diffusing tungsten
to the particle/matrix phase boundary is the rate determining process for the size growth of particles in
the long term. Higher concentration of W in the alloy matrix thus leads to a higher driving force for
the segregation of W to the particle/matrix interface, and by this decreases the growth of the LTy, phase
precipitates (i.e., the transformation of LT;, to HTy, phase).

3.3. Mechanical Properties

3.3.1. Hardness Evolution

The evolution of ambient temperature hardness with annealing time at 650 °C can be utilized
as a preliminary indicator for the effectiveness of the implemented changes in alloy composition.
The hardness of all alloys increased rapidly in short-term aging (Figure 4a), reached a plateau value,
and then remained quasi stable. With the addition of Nb, a pronounced increase in hardness can be
observed, e.g., approximatily 10 HV; by comparing the 17Cr2 (2.4W0.6NDb) and the 2.6W1Nb alloy.
The addition of Nb boosted the precipitation of strengthening Laves phase particles and shortened
the time to the plateau level to approximately 1 h at 650 °C. W-addition obviously delays precipitation.
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Figure 4. (a) Evolution (average of 5 measurements each) of the base and trial alloys in annealing
at 650 °C. (b) Impact of W- and Nb-contents on hardness in the solution annealed state (virtual
2. 4W1ND alloy calculated by eliminating the effect of W by backward extrapolation of the 1 Nb alloys,
equation: HV; =a x (1 - ew™?); cw: W-content in wt.%, a: 180.73, b: 2.68); and after 5 h of aging (c)
(equation: HV; =a x (1 - cwP); cw: W-content in wt.%, a: 305.47, b: 1.45).

In the solution annealed state (i.e., 0 h in Figure 4a,b), the additions of Nb and W both benefited
solid solution strengthening. An attempt to calculate the effect of sole Nb-addition to the base
steel (17Cr2 (2.4W0.6NDb) + 0.4 wt.% = fictious 2.4W1Nb) by mathematical backward extrapolation
(cf. Figure 4b) of the effect of tungsten content to 2.4 wt.% yielded a 6% rise in hardness up to 163 HV;
(from 154 HV1 in case of the 2.4W0.6ND base steel) for the virtual 2.4W1Nb alloy.

The addition of 0.2 wt.% W resulted in a further increase to 166 HV in the case of the 2.6W1Nb
material. Rising W-content resulted in values of 174 HV; (3.1W1NDb) and 175 HV; (4W1NDb) equaling
another gain by 7%. The encountered substitutional effect of W on ferrite hardness correlates well with
literature data [19]. The influence of Nb- and W-contents on hardness in the short-term aged state
(i.e., precpitatation annealed at 650 °C for 5 h) is displayed in Figure 4c. The plateau hardness values of
the alloys are sensitive to both the Nb and W concentrations. After 5 h of aging, the hardness increase of
the virtual 2.4W1ND alloy calculated to 223 HV;. In comparison to 210 HV| measured at the 2.4W0.6Nb
alloy, this gave a rise by 6% with the increase of 0.4 wt.% in Nb-content. Progressively adding W
provided a gain to 230 HV (2.6W1Nb), 254 HV4 (3.1W1NDb), and 265 HV; (4W1Nb); equaling another
overall incremet of 19%.
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3.3.2. Tensile Strength in the Solution Treated State (i.e., Solid Solution Hardening Effect)

Figure 5 illustrates the change in ambient temperature tensile strength values with increasing W
and Nb additions of the solution annealed materials, i.e., the solid solution strengthening effects of these
alloying elements. Starting from the 17Cr2 (2.4W0.6Nb, YS(»/UTS: 225/301 MPa) base alloy, combined
addition of Nb and W caused a gain in yield strength/UTS to 269/321 MPa in case of the 2.6W1Nb
trial steel. Further increase in W-content resulted in yield strength/UTS values of 280/336 MPa for
the 3.1 WINb and 289/361 MPa for the 4 W1ND alloy. The impact of W on ultimate tensile strength was
obviously more pronounced than on yield stength, while Nb demonstrated greater effect on yield.
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Figure 5. Solution effects of W and Nb on ambient temperature tensile strength values with (virtual 2.4W1Nb
alloy, equation: YSg, =a X (1 - cw_b); cw: W-content in wt.%, a: 300.05, b: 2.38;, UTS=a x (1 — cw_b);
cw: W-content in wt.%, a: 396.53, b: 1.71).

The calculation for the effect of sole Nb-addition to the base steel (17Cr2 (2.4W0.6Nb) + 0.4 wt.%
= fictious 2.4W1Nb) by mathematical linear backward extrapolation of the W-tungsten content to
2.4 wt.% for the virtual 2.4W1ND alloy gave a yield strength of 262 MPa and a UTS value of 308 MPa.
The strength values in the solution-annealed condition may appear to disqualify HiperFer steels
for high-temperature application. However, these alloys are developed to enable short quality heat
treatment at the envisaged operating temperature or even age hardening by rapid precipitation kinetics.
The tensile strength values achieveable in this way were significantly higher (i.e., after 1-5 h of
annealing @ 650 °C: YS( »/UTS: 400/660 MPa in case of the 2.4W0.6Nb and 530/820 MPa in case of
the 4W1ND alloy [9]).

3.3.3. Compression Creep

The obtained steady state creep rate vs. stress relations of the precipitation treated (650 °C/5 h)
alloys are displayed in Figure 6. From the experimental data the stress exponents n (cf. Figure 6a) are
calculated by applying the Norton—Bailey’s law [20-22]:

e =Ao", M

with A being a constant, o representing the creep stress and n representing the exponent of stress.



Metals 2020, 10, 1300 7 of 9

v 17Cr2 (24W0.6Nb) O 3.1WINb vV 17Cr2 (24W0.6Nb) O 3.1WINb
O 2.6WINb A 4WINb O 2.6WINb A 4AWINb
10 03 10
- 1 - 1
= =
o 0.1 o 0.1
g g
= 0.01 = 001
Q Q
g 0.001 g 0.001
£ 1E4 £ 1E4
> >
1E-5 1E-5
1E-6 1E-6
100 150 200 250 300 100 150 200 250 300
Stress [MPa] Stress [MPa]

(@) (b)

Figure 6. Data of the trial steels and the 17Cr2 base alloy. Fitted by (a) the Norton—Bailey relation [20,21]
and (b) a modified Mukherjee-Bird—Dorn equation [23,24]. All specimens were precipitation treated
prior to testing for 5 h at 650 °C (testing temperature: 650 °C).

Increasing the concentrations of Nb/W from 0.6/2.4 wt.% (in the 17CrCr base steel) to 1/2.6 wt.%
(2.6W1ND trial steel) yielded no change in stress exponent, but resulted in a drop in creep rate of about
4.5 orders of magnitude. Further raising the W-content to 3.1 and 4 wt.% resulted in a further decrease
by another 3.5 orders of magnitude. While the stress exponent merely did not change with increasing
W-content from 2.6 to 3.1 wt.%, instead it rose to 39.9 in case of the 4W1ND steel.

High stress exponents (n > 10) indicated interaction between precipitates and matrix
dislocations, and thus, are typical for precipitation strengthened materials. Applying a modified
Mukherjee-Bird-Dorn [23] equation

de/dt = A((o — om)/w)" exp(-Q/ksT), @

(with A being a constant, i representing the shear modulus of the alloy matrix, ¢ the applied creep
stress, oy, the threshold stress, n” the matrix stress exponent (n” = 4 [23,24]), Q the creep activation
energy, and kg the Boltzmann constant) to the creep data (Figure 6b) provides a threshold stress for
dislocation creep. The threshold creep stresses were calculated for all the materials and are displayed
in Figure 7 as a function of W-concentration.

The threshold improved from about 115 MPa in case of the 17Cr2 (2.4W0.6NDb) base steel to
appr. 160 MPa for the 2.6WINb material and further to about 185 MPa (4W1Nb) by increasing
the concentration of W in the 1Nb model alloys. The threshold values evaluated for the 17Cr2
(24W0.6NDb) prototype and the 4W1NDb alloys correlate well with the mechanism changes, obtained in
uniaxial creep experiments, executed at full-scale specimens taken from rolled plate materials of
matching chemical compositions [9]. The 17Cr2 (2.4W0.6Nb) alloy surpasses the creep strength of
grade 92, while the 4W1ND steel combats the strongest available advanced ferritic-martensitic steel
MarBN [9]. Mathematical backward extrapolation of the W-tungsten content to 2.4 wt.% for the virtual
2 AWIND alloy calculates to a threshold of 158 MPa. In consequence, the effect of sole Nb-addition
(+0.4 wt.%) to the 17Cr2 base steel would result in an increase in threshold of appr. 40 MPa.
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Figure 7. Impact of W and Nb on dislocation creep threshold stress (virtual 2.4W1Nb alloy, equation:
o = a X {1 — cw™); cw: W-content in wt.%, a: 215.27, b: 1.44).

4. Conclusions

The additions of W and Nb to 17 wt.% Cr HiperFer steel resulted in increased solid solution
strengthening, increased volume fraction of Laves phase precipitates, and decreased mean Laves
phase precipitate size. By this, hardness and tensile strength at ambient temperature as well as
elevated temperature creep strength and fatigue resistance have been increased to values exceeding
the strongest ferritic-martensitic steels [9] applied in power engineering and the process industry today.
Empirical equations, describing the relations between W-content and mechanical properties have been
proposed, which are useful for further compositional optimization. The evaluated dislocation creep
threshold values, derived from miniature compression creep data, correlate well with the ones measured
at full-scale creep specimens from rolled plate material. This demonstrates the validity of the applied
optimization approach and mechanical miniature testing methods for alloy performance improvement.
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