Evolution of the Laves Phase in Ferritic Heat-Resistant
Steels During Long-term Annealing and its Influence
on the High-Temperature Strength
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Heat-resistant ferritic steels containing Laves phase precipitates were designed supported by
thermodynamic modeling. High-temperature compression tests at 1173.15 K (900 °C) and a
detailed characterization of the microstructural evolution during annealing at 1173.15 K
(900 °C) were carried out to investigate the effect of Laves phase formation on the high-tem-
perature strength. Due to the addition of W/Mo and/or Nb, the high-temperature strength of
the newly designed alloys is significantly higher than that of the reference steels. However, the
high-temperature strength of all investigated steels decreases slightly as the annealing time is
increased up to 1440 hours. To determine the influence of Laves phase formation and coars-
ening on the high-temperature strength during long-term annealing, the precipitates were ex-
tracted from the ferritic matrix in different annealing states. The phases in the powder residue
were determined by XRD, and the chemical composition of the Laves phase in dependence of
the annealing time was analyzed by EDS measurements. During annealing, steel Fel8CrMoW
forms Nb(C,N), Ti(C,N), Laves phase (Fe,Nb) and Fe;Nbs;C, whereas alloy Fel9CrWAI forms
Nb(C,N), Ti(C,N), and Laves phase (Fe,Nb). The Laves phase within the alloys Fel8CrMoW
and Fel9CrWALI differs in its morphology as well as its chemical composition. The Laves phase
in steel Fel8CrMoW attains its chemical equilibrium after 192 hours, whereas alloy Fel9Cr-
WAL required 24 hours. Overall, the formation of the Laves phase prevents significant grain
growth during high-temperature annealing, thus preserving the high-temperature strength over

a long time period.
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I. INTRODUCTION

THE application range for high-Cr ferritic steels
includes automotive exhaust systems, metallic intercon-
nectors in planar solid oxide fuel cells (SOFC), and heat
exchangers in auxiliary power units.!"* High-Cr ferritic
steels are generally susceptible to intergranular corro-
sion and embrittlement, which exacerbate steel produc-
tion and processing.># Furthermore, ferritic steels
exhibit lower high-temperature strength and creep
resistance compared to austenitic steels with a similar
chromium content. However, due to their lower thermal
expansion coefficient, ferritic steels have a higher ther-
mal fatigue resistance compared to austenitic grades.>”
Thus, their good corrosion properties and lower costs
make the high-Cr ferritic steels suitable for applications
with frequent temperature cycling such as automotive
exhaust systems. In this case, high-Cr ferritic heat-
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resistant steels are the most commonly used material
and have replaced cast iron, the traditional material for
this application.!""®" This change has been driven by
increasing efforts to improve the efficiency of engines
and to reduce their weight. Another aim is to reduce air
pollution by emitting clean exhaust gas, which involves
purgin%l this gas as quickly as possible after starting the
engine.!'! Since the efficiency of a catalytic converter is
low if its temperature is low, it is important to raise the
exhaust gas temperature [Tgas > 1173.15 K
(900 °C)].1""7 This is why thinner materials are used to
reduce the heat capacity of the exhaust system. Due to
the lower heat capacity, the exhaust gas flows to the
converter with a higher temperature and heats the
catalytic converter more rapidly to the active tempera-
ture range.[!"¥]

However, higher service temperatures and thinner
constructions lead to a higher exposure of the material
component. Alloy X2CrTiNb18 is currently used for
exhaust manifolds, though, its high-temperature
strength is not sufficient to allow further reductions in
the thickness of the construction element. For this
reason, it is important to increase the high-temperature
strength of ferritic stainless steels and combine it with
their excellent thermal fatigue resistance.

Various strengthening mechanisms can be used to
increase the high-temperature strength. One of these is
precipitation hardening with formation of a Laves
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phase. The concept of Laves phase precipitation to
increase the high-temperature strength and creep resis-
tance is known from the 9 to 12 pct Cr ferritic/
martensitic heat resistant steels.”"!! However, the effect
of the Laves phase in ferritic stainless steels on the high-
temperature strength and creep resistance is discussed in
literature controversionally.!'' 1%

The aim of this work is to increase the high-temper-
ature strength of high-Cr ferritic steel. Three new
materials containing the intermetallic Fe,Nb-type Laves
phase were designed and investigated. The present study
focuses on the effect of Laves phase formation, coars-
ening, and chemical evolution in dependence of the
annealing time on the high-temperature strength.

II. EXPERIMENTAL
A. Alloy Modeling and Manufacturing

The alloys were designed with thermodynamic mod-
eling software Thermo-Calc®, which is based on the
CALPHAD method."¥ This software was used for
calculating phase equilibria and evaluating phase sta-
bilities to determine the influence of various alloying
elements, such as Nb, Si, Mo, and W. All calculations
were carried out with the TCFe6.2 database.['

The alloys Fel8CrW, Fel8CrMoW, and Fel9CrWAl
investigated in the present work are newly designed
heat-resistant ferritic steels. Their chemical composition
is shown in Table 1. Alloys Fel8CrW and Fel8CrMoW
were produced by vacuum induction melting with a
weight of about 100 kg by Outokumpu Nirosta (for-
merly ThyssenKrupp Nirosta). The castings were hot-
rolled to a thickness of 4 mm. Alloy Fel9CrWAI was
also produced by vacuum induction melting with a
weight of about 100 by Outokumpu VDM (formerly
ThyssenKrupp VDM). It was hot-rolled to a thickness
of 17 mm. Consequently, hot-rolled material was used
to investigate the high-temperature strength.

B. Heat Treatment

To investigate the influence of the formation and
coarsening of the Laves phase on the mechanical
properties, all specimens were solution-annealed (s-a)
at 1373.15 K (1100 °C) for 5 minutes, quenched in
water, and then isothermally annealed under ambient
atmosphere at 1173.15 K (900 °C) for dwell times
ranging from 1 to 1440 h.

C. Mechanical Tests

Compression tests were performed to determine the
high-temperature strength as a function of aging time.
Cylindrical specimens with 4 mm diameter and 10 mm
length were used. After isothermal annealing at different
dwell times, hot compression tests were carried out at
1173.15 K (900 °C) with a thermomechanical testing
device. The specimens were heated to 1173.15 K
(900 °C) with a heating rate of 5K and thermally
equilibrated for 2 minutes. Compression was performed
with an initial engineering strain rate of 0.001 s™' to a
maximum deformation of 10 pct. The specimens were
cooled to room temperature with a cooling rate of 15 K
after compression.

D. Microstructural Investigations

The microstructure in all states was characterised by
light optical microscopy and scanning electron micro-
scopy. Scanning electron microscopy was carried out
with a Leo-1530 VP SEM equipped with a LaBg field
emission gun and a Pegasus EDAX system. Secondary
electron contrast was used to detect precipitates, and a
backscattering detector was used for general microstruc-
tural characterisation.

The grain size was measured using the standard linear
intercept method at magnifications of 50 and 100 times,
as described in DIN EN ISO 643. The average grain

Grain boundary

Laves phase

Fig. 1—Laves phase precipitate in steel Fe18CrMoW after annealing
for 1440 h at 1173.15 K (900 °C). The dotted line marks the EDS
linescan.

Table I. Chemical Composition of the Investigated Alloys (mass percentage)
Alloy C N Cr Nb Si W Mo Ti Al Hf Zr Y La
Fel9CrWAl 0.013  0.007 18.80 0.69 0.29 207 — 0.02 3.20 0.05 0.04 0.05 —
Fel8CrW 0.018 0.020 18.20 0.85 0.62 1.80 0.06 — — — — —
Fel8CrMoW 0.019 0.020 1790 0.85 0.63 1.40 0.50 0.06 — — — — —
XICrWNbTiLa22  0.007 0.015 2293 0.51 0.21 1.94 007 — — — — 0.080
X2CrTiNbI8 0.017 0.020 1784 0.39 0.65 — — 0.14 — — — — —
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diameter was determined with a minimum of three
images and a total number of at least 180 grains per
image. Quantitative investigations of precipitates were
supported by the software a4i Analysis. The projected
area A of the particles and their diameter were deter-
mined automatically by means of binary image conver-
sion. Three images from each annealing state with more
than 1500 precipitates per image were used for these
measurements. The average diameters of the precipitates
were determined by measuring the minimum and
maximum projected diameters (dmin/dmax), respectively,
of all particles in the images.

E. Residue Extraction of Precipitates

For further analysis of their morphology and chem-
istry, Laves phase precipitates were electrochemically
extracted from alloys Fel8CrW, Fel8CrMoW, and
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Fel9CrWAI. A mixture of 1 vol pct tetramethylammo-
nium chloride and 10 vol pct acet?/lacetone in methanol
was used as the electrolyte.'">'®! After contacting at
—1244 uV, the specimens were etched for about
10 hours with a potential of 200 uV versus a calomel
electrode and with an auxiliary platinum electrode. In
the next step, the precipitates were isolated from the
electrolyte using a polyethylene membrane filter with a
pore size of 0.2 um fitted to Biichner funnel and flask.
The residue was then dispersed in methanol, pipetted
onto a copper carrier, and dried in a vacuum desiccator.

The extracted residue was used to identify the
precipitates by means of X-ray diffraction (XRD) with
an CukK, tube (4 = 1.54178 A). The chemical compo-
sition of the precipitate residue (Laves phase) was
determined by energy dispersive X-ray spectrometry
(EDS) in the SEM and by inductively coupled plasma
optical emission spectrometry (ICP-OES).
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Fig. 2—Thermodynamic calculations of reference steel X2CrTiNb18 (a) Phase diagram (b) Volume fraction of phases (calculated with TCFe6.2).
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Fig. 3—Thermodynamic calculations of alloy Fel8CrW (a) Phase diagram (b) Volume fraction of phases (calculated with TCFe6.2).
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Fig. 4—Thermodynamic calculations of alloy Fel9CrWALI (a) Phase diagram (b) Volume fraction of phases (calculated with TCFe6.2).

Table II. Summary of the Calculated Phases and Temperatures for the Investigated Alloys (TCFe6.2)
Solvus Temperature Volume Fraction
Alloy Laves [K (°CO)] Present Phases at 1173.15 K (900 °C) of Laves Phase (pct)
Fel9CrWAI [1319 (1046)] ferrite, Ti(C, N), Nb(C, N), Laves phase 0.88
Fel8Crw [1348 (1075)] ferrite, Ti(C, N), Nb(C, N), Lavas phase 0.97
Fel8CrMoW [1342 (1069)] ferrite, Ti(C, N), Nb(C, N), Laves phase 0.93
XICrWNbTiLa22 [1224 (951)] ferrite, Ti(C, N), Nb(C, N), Laves phase 0.32
X2CrTiNDbI18 [1198 (929)] ferrite, Ti(C, N), Nb(C, N), Laves phase 0.11
Table III. Offset Yield Strength at 1173.15 K (900 °C) with Annealing Time of the FeCr Alloys (MPa)
Tannealing (h) X2CrTiNDbI8 Fel8CrW Fel8CrMo
Solution-annealed 31.3 £ 0.0 48.1 £ 2.0 49.8 £ 0.7
1 28.6 + 0.0 43.0 £ 0.3 423 +£22
24 26.9 + 0.0 379 £ 1.9 382+ 1.6
192 26.5 + 0.0 356 £ 1.5 409 £ 2.8
720 — 42.6 £ 2.0 434 + 1.1
1440 — 38.0+0.5 38.1 +£0.3

Isothermal annealing time at 900°C (h)
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Fig. 5—Offset yield strength at 1173.15 K (900 °C) of the FeCr al-
loys in dependence of the isothermal annealing time.
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F. Measurement and Simulation of the Diffusion Profile
in the Laves Phase Precipitate

To confirm that the Laves phase is in a chemical
equilibrium state, ex situ EDS was performed with
linescans crossing a single Laves phase particle in steel
Fel8CrMoW after 1440 hours annecaling time (Fig-
ure 1). A gradient in the chemical composition, partic-
ularly of W and Nb, would have been detected if a
chemical equilibrium had not been reached.

To eliminate the influence of the greater emissive
volume of EDS measurements due to the different mean
atomic numbers of the Laves phase (32.8 u) and in the
matrix (25.9 u), Monte Carlo simulations of the mea-
sured EDS intensity were performed with WinCasino
2.48. The results of these simulations were then com-
pared to the measured element profiles.

With this method, the inevitable blurring of a change
in the composition due to the emissive volume could be

VOLUME 46A, JANUARY 2015—105



compared to the measured transition. These simulations
can also be used to determine the minimum diameter of
a W-depleted core that can be detected by EDS.

III. RESULTS AND DISCUSSION
A. Alloy Design

The alloy design concept focuses on increasing the
high-temperature strength and long-term microstruc-
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Fig. 6—Offset yield strength at 1173.15 K (900 °C) of the FeCrAl al-

loy compared to X1CrWNbTiLa22 in dependence of the isothermal
annealing time.

Table IV. Offset Yield Strength at 1173.15 K (900 °C) with
Annealing Time of the FeCrAl Alloys (MPa)

fannealing (h) Fel9CrWAl XICrWNbTiLa22
Solution-annealed 66.2 + 0.0 47.0 £ 4.6
1 574 4+ 22 446 £ 2.3
24 61.9 + 0.0 48.8 £ 1.1
192 59.3+29 41.8 £ 1.1
720 65.4 £+ 0.0 38.8 + 0.6
1440 573+ 1.6 39.6 + 0.0

tural stability of ferritic heat-resistant steels at applica-
tion temperatures of 1173.15 K (900 °C) and more. A
combination of solid-solution and precipitation
strengthening by Laves phase formation was thus used.
Furthermore, the formation of a Laves phase should
reduce the mobility of the grain boundaries to avoid
grain growth during high-temperature service.

This alloy concept is based on the commercially
available ferritic steels X1CrWNbTiLa22-2 and
X2CrTiNDb18. Steel XICrWNbLTiLa22-2 is mainly used
for metallic interconnectors in planar SOFC. It contains
22 mass pct Cr, to provide a sufficient oxidation resis-
tance, W, Nb, and Si, and it forms a Laves phase.[”]
Steel X2CrTiNbl8 also has a high Cr content
(18 mass pct) and forms a Laves phase due to the
elements Nb and Si.l'”! This steel does not contain the
element W. Its application field is in automotive exhaust
systems.[lsl

As can be seen from the calculated phase diagram in
Figure 2, the solvus temperature of the Laves phase in
steel X2CrTiNDb18 is 1198.15 K (925 °C) and that of
alloy X1CrWNDTiLa22-2 is 1224.15 K (951 °C). With
demands for higher application temperatures up to
950 °C, the stability of the Laves phase in these alloys is
insufficient. Therefore, the alloy design aimed to
increase the solvus temperature of the Laves phase up
to 1323.15 K (1050 °C). From the literature!" and our
previous investigations, Nb is known to be the most
potent Laves phase former and its strong effect can be
enhanced by combining it with Si.*”! However, low
concentrations of C and N, which are unavoidable
during steel production, decrease the solvus temperature
of the Laves phase due to the high affinity of Nb for C
and N, thus leading to the formation of carbides/nitrides
instead of the Laves phase.”!! Microalloying with Ti
minimizes primary precipitation of niobium nitrides and
niobium carbides, so that this element is still available
for Laves phase formation.

Three model alloys, namely Fel8CrW, Fel8Cr-
MoW, and Fel9CrWAI were designed according to
this alloy concept (Table I). Steel Fel9CrWAI was
additionally alloyed with 3.5 mass pct Al and low

¥

Laves phase |

Fig. 7—Microstructure of steel Fel8CrW after 24 and 192 h annealing time at 1173.15 K (900 °C).
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the Laves phase, (b) Average particle size of the Laves phase.

Fig. 9—Frequency of the Laves phase particles in alloy Fel8CrW in
dependence of the annealing time at 1173.15 K (900 °C).

concentrations of the elements Hf, Zr, and Y in order
to improve its oxidation resistance, which is required
for applications in heat exchangers. The calculated
phase diagrams and volume fractions of phases for
alloys Fel8CrMoW and Fel9CrWALI are illustrated in
Figures 3 and 4.

The calculated phase diagrams of alloys Fel8CrMoW
and Fel9CrWAI show that the phase field around
1173.15 K (900 °C) contains ferrite, Ti-rich carbonit-
rides (Ti(C,N)), Nb-rich carbonitrides (Nb(C,N)), and a
Laves phase of type Fe,Nb as equilibrium phases. The
calculated solvus temperatures of the Laves phase for
the newly designed alloys and the reference steels are
summarized in Table II. The solvus temperature of the
Laves phase in the new steels is about 373.15 K (100 °C)
higher than that of the reference steels.
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Fig. 10—Relationship between high-temperature strength and Laves
phase particle size of steel Fel8CrW with annealing time.

B. Influence of Long-term Annealing on High-
Temperature Strength

The alloying concept of ferritic materials Fel8CrW,
Fel8CrMoW, and Fel9CrWALI is similar to that de-
scribed above. However, steel Fe9CrWALl is alloyed with
3.5 mass pct aluminum and microalloyed with the ele-
ments Hf, Zr, and Y. This means that steel Fel9CrWAl
differs from alloys Fel8CrW and Fel8CrMoW with
respect to the oxide layer formed on its surface. Therefore,
the newly designed alloys are considered separately and
compared to the corresponding reference material.

The offset yield strength of alloys Fel8CrW, Fel8Cr-
MoW, and X2CrTiNb18 at 1173.15 K (900 °C) (Table -
III) is plotted versus the isothermal annealing time in
Figure 5. In the solution-annealed state (s-a), the offset
yield strength of alloys Fel8CrW and Fel8§CrMoW is
about 18 MPa higher than that of reference steel
X2CrTiNb18. On increasing the annealing time to
192 hours, the high-temperature strength of all alloys
decreases (Figure 5). Even after long-term annealing, the
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Fig. 13—Results of the XRD analyses (CuK,, 2 = 1.54178 A) of the precipitate residue in alloys (a) Fel8CrMoW and (b) Fel9CrWAL.

offset yield strength of alloys Fel8CrW and Fel§CrMoW annealing time. However, after 1440 hours dwell time
is higher than that of reference steel X2CrTiNb18. at 1173.15 K (900 °C), the high-temperature strength of

The high-temperature strength of alloys Fel8CrW both alloys decreases again. Overall the high-tempera-
and Fel8CrMoW increases slightly after 720 hours ture strength of the alloys FelSCrW and Fel§CrMoW
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Fig. 14—EDS point measurements of the Laves phase particles in al-
loy Fel8CrMoW after annealing at 1173.15 K (900 °C) for 1440 h.

decreases by about 10 MPa with respect to the anneal-
ing time (1440 hours) (Figure 5).

The difference in the high-temperature strength
between the newly designed alloys and the reference
steel is attributed to the solid-solution strengthening
effect of the elements W and/or Mo.l'"'%23 According
to Fujita er al,'"! an addition of 2 mass pct W or
1,5 mass pct Mo in ferritic stainless steels leads to an
enhancement of the high-temperature strength by solid-
solution strengthening. In the case of the Al-alloyed steel
Fel9CrWAI the offset yield strength at 1173.15 K
(900 °C) is about 66 MPa in the solution-annealed state
(s-a), as can be seen in Figure 6 and Table IV. After
1 hours annealing time at 1173.15 K (900 °C) the offset
yield strength decreases by about 9 MPa. On further
annealing, the high-temperature strength decreases non-
monotonically (Figure 6). Overall, steel Fel9CrWAl
exhibits a reduction of 9 MPa after long-term annealing
for 1440 hours. The Al-free reference steel X1CrWNb-
TiLa22-2 shows a continuous decrease with annealing
time. After 1440 hours annealing time, the reduction of
the high-temperature strength is about 7 MPa (Fig-
ure 6).

In order to understand the reduction of high-temper-
ature strength in dependence of the annealing time, the
microstructure of all three newly designed alloys was
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Fig. 15—EDS point measurements of the Laves phase particles in al-
loy Fel9CrWAL after annealing at 1173.15 K (900 °C) for 1440 h.

investigated in different annealing states. In the solution-
annealed state, alloy Fel8CrW has a mean grain size of
114 ym, which increases to 126 um after long-term
annealing. Hence, only minimal grain growth takes
place during annealing at 1173.15 K (900 °C). Alloys
Fel8CrMoW and X2CrTiNbl18 show similar behavior.
Consequently, the reduction in high-temperature
strength during annealing cannot be explained by
pronounced grain growth. Thus, formation and coars-
ening of the Laves phase is a possible explanation for the
reduction in high-temperature strength on increasing the
annealing time.

C. Effect of Laves Phase Formation and Subsequent
Coarsening on the High-Temperature Strength

The effect of the Laves phase on the high-temperature
strength and creep resistance in ferritic stainless steels is
a controversial topic in the literature. Fujita er al!!
report that, in addition to the solid-solution strength-
ening in ferritic Nb-added stainless steels, dynamic
precipitation strengthening by the precipitates of car-
bides, nitrides, and the Laves phase formed during
tensile testing also contribute to the improvement the
high-temperature strength. However, longer annealing
times at high temperatures [973.15 K to 1173.15 K

VOLUME 46A, JANUARY 2015—109



— 1 W —~Cr 4 oW —v-C|
X 607 o Np -a-Si = 807 «nb : Sir
@ 50 ~+-Mo -—=Fe 3 X 50 —+-Mo —=Fe
@ 1 ¥t —— © 1
g / s
@o 40 A e % 40
= ¢
@ B £

30 I _—m [} B
q) N
Y— b (] 4
. 20 .. S 2
= P T )

10 A Ciee Ligiio € 104
S 01 01

10 100 1000 10 100 1000

Isothermal annealing time at 900°C (h)

(a)

Isothermal annealing time at 900°C (h)

(b)

Fig. 16—Evolution of the Laves phase in steel Fel8CrMoW during annealing at 1173.15 K (900 °C).

Table V. Evolution of the Chemical Composition of the Laves Phase in Alloy Fe18CrMoW in Dependence of the Annealing Time
at 1173.15 K (900 °C) (determined by EDS)

fannealing (h) Fe mass pct Nb mass pct W mass pct Cr mass pct Si mass pct Mo mass pct
24 323+£2.0 38.0£23 16.0 £ 0.2 6.6 £0.5 33+£0.2 3.7+ 03
192 26.2 + 3.6 49.1 £ 1.3 7.1 £0.1 9.1 £43 37+£0,3 44405
720 286 + 1.9 50.6 + 2.4 7,8 £ 1.0 53406 3.4+ 9,1 38+ 04
1440 303+ 1.2 494 + 1.5 7.2 £0.7 59+£0.2 254+02 4.6+ 04
at. pct at. pct at. pct at. pct at. pct at. pct
24 425+ 2.3 30.1 +2.1 64 + 0.0 9.3+0.7 8.6 +£0.7 28+ 0.2
192 33.7 £ 438 37.8 £1.2 2.8 £0.1 12.6 £ 5.8 94+09 33+£04
720 373+ 1.9 39.7 £ 2.5 3.1 £0.5 7.4+ 0.7 89+04 29+03
1440 398+ 1.2 389 £ 1.5 29+03 83+£0.2 64 +£04 3.5+ 03

(700 °C to 900 °C)] of Nb-added ferritic stainless steels
lead to a reduction in the high-temperature strength due
to microstructural changes during the annealing dwell
time.[11112:2425) Eroitzheim er al.'”) Chiu and Lin!
and Kuhn er al.P* attribute the significantly improved
creep resistance of steel X1CrWNbTiLa22-2 to the
precipitation of Laves phase, whereby the extent of the
improvement depends on the volume fraction and
particle size of the Laves phase, which changes during
long-term annealing.

To evaluate the contribution of Laves phase formation
and coarsening in the newly designed alloys, the volume
fraction and particle size of the Laves phase were
determined in dependence of the annealing time. Figure 7
shows the microstructure of alloy Fel8CrW after 24 and
192 hours isothermal annealing at 1173.15 K (900 °C).
Two types of carbonitrides (Nb(C,N), Ti(C,N)), and a
Laves phase (Fe,Nb) were observed in the microstruc-
ture. Figures 8a, b shows the experimentally determined
volume fraction and average particle size of the Laves
phase in alloys Fel8CrW and Fel8CrMoW in depen-
dence of the annealing time at 1173.15 K (900 °C). In the
solution-annealed state, no Laves phase was found in
either of the steels. After 1 hour annealing time, more
than 1 vol pct Laves phase had formed. On increasing the
annealing time up to 24 hours, the Laves phase volume
fraction in steel Fel8CrW increased up to 2 vol pct,
whereas alloy Fel8CrMoW showed a smaller increase.
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With longer annealing times, both alloys show a decrease
in the Laves phase volume fraction. Alloys Fel8CrW and
Fel8CrMoW exhibit a Laves phase volume fraction of 1.1
and 0.95 vol pct, respectively, after 1440 hours isother-
mal annealing time at 1173.15 K (900 °C). The calculated
values are 0.97 vol pct for steel Fel8CrW and
0.93 vol pct for steel Fel8CrMoW (marked in Fig-
ure 8a), which agree well with the measured results.
Consequently, the volume fraction of the Laves phase in
both alloys converges to the calculated equilibrium state
after 1440 hours annealing time.

The mean particle size of alloys Fel8CrW and
Fel8CrMoW is about 0.2 um after 1 hour annealing
(Figure 8b). With longer annealing times the mean
particle size of the Laves phase of both steels increases
significantly. After 1440 hours annealing, alloys
Fel8CrW and Fel8CrMoW exhibit an increase in the
particle size by about 1.9 and 0.6 um, respectively
(Figure 8b). Simultancously, the microstructure under-
goes Ostwald ripening during annealing at 1173.15 K
(900 °C), in which the fine precipitates dissolve in favor
of the coarse particles.*® Figure 9 shows the classifica-
tion of the Laves phase particle size in dependence of the
annealing time for alloy Fel8CrW. The fraction of fine
particles (0.08 to 0.1 um) is about 60 pct after 1 hour.
With longer annealing times, the fraction of fine
particles decreases, whereas the fraction of coarse
particles (1 to 3 um) increases by 30 pct. This realign-
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Fig. 17—Measured and simulated intensity of W and Nb in a line-
scan over a Laves phase precipitate in steel Fel8CrMoW after
annealing for 1440 h at 1173.15 K (900 °C). The simulated precipi-
tate contained a W-depleted core with a diameter ranging from
102000 (a), the corresponding simulation result is marked with an
arrow and the core diameter (W in » and Nb in d). The measured
EDS profiles for Nb and W are shown in ¢ and e. The measured
precipitate is shown in Figure 1. An acceleration voltage of 20 was
used in the simulation and for the measurements. The simulation
was performed with WinCasino 2.48.

ment of the Laves phase can be seen in the microstruc-
ture of different annealing states in Figure 7.

Hence, rapid coarsening of the Laves phase takes
place in both investigated steels. These findings agree
with the results of Sim ez al.,'"* who investigated the
coarsening behavior of the Laves phase in ferritic
stainless steels at 1173.15 K (900 °C). They explain the
rapid coarsening rate of the Laves phase by the
incoherent interface between the ferritic matrix and the
Laves phase precipitates.['”

Owing to rapid coarsening of the Laves phase, their
contribution to the high-temperature strength via pre-
cipitation hardening is debatable. Figure 10 shows the
offset yield strength at 1173.15 K (900 °C) and the
average particle size of the Laves phase in steel
Fel8CrW in dependence of the annealing time. In the
solution-annealed state the high-temperature strength is
about 48 MPa. After 1 hour annealing time, the offset
yield strength decreases, whereas the Laves phase
particles coarsen by about 0.2 um. With longer anneal-
ing times, the average particle size of the Laves phase
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increases and simultaneously the high-temperature
strength decreases slightly. Therefore, it can be stated
that the contribution of the Laves phase to the high-
temperature strength is comparatively low due to the
rapid coarsening. Additionally, the increase of the yield
strength after annealing for 720 hours can not be a
result of the higher particle size.

Li'" reports that the size of the Laves phase plays a
very important role with respect to strengthening.
Larger particle sizes decrease the dislocation pinning
efficiency of the Laves phase precipitates.!'”

Fujita, Miyazaki, and Sim er al'"'*?") argue that
precipitation of the Laves phase (Fe,Nb) in ferritic
stainless steel is detrimental to the high-temperature
strength. They report that during isothermal annealing
at high temperatures [973.15 K to 1173.15 K (700 °C to
900 °C)], the Nb content in the matrix decreases due to
the precipitation of a Nb-rich Laves phase (Fe,Nb).
This decrease in the Nb content in the ferritic matrix
leads to loss of the solid-solution strengthening effect of
Nb and the high-temperature strength decreases.!' 127!
Further analyses were carried out to confirm this theory.

D. Evolution of Chemical Composition of the Laves
Phase During Long-term Annealing

Evolution of Nb phases during annealing was inves-
tigated by determining, the chemical composition of the
Laves phase in steels Fel8CrMoW and Fel9CrWAI in
different annealing states. For accurate chemical mea-
surements, the precipitates were isolated from the matrix
and the residue powders were analyzed.

Figures 11 and 12 show the microstructure of the
precipitate residue of alloys Fel8CrMoW and Fel9Cr-
WAL after 24 and 1440 hours annealing time. After
24 hours annealing time, steel Fel8CrMoW contains
fine acicular particles (<1 um) as well as spherical coarse
particles of about 3 um (Figure 11a). Longer annealing
times lead to a change in the particle shape and also
significant coarsening takes place (Figure 11b). In con-
trast to this, the precipitate residue of alloy Fe19CrWAl
exhibits an acicular shape after 24 hours annealing time,
which remains unchanged with longer annealing times
(Figures 12a, b).

The phases present in the residue powders of alloys
Fel8CrMoW and Fel9CrWAI were identified by means
of XRD analyses. Figure 13a shows the results of the
XRD analyses of the residue of steel Fel8CrMoW after
24 hours annealing time. Laves phase of type Fe,Nb, as
well as Ti-rich and Nb-rich carbides, Si-rich oxides, and
carbides of type FesNbs;C were observed. In the case of
alloy Fel9CrWALI, Laves phase of type Fe,Nb, Ti-rich
and Nb-rich carbides, and Hf-rich oxides were detected
(Figure 13b). Alloy Fel9CrWALI does not form carbides
of type FesNbsC in contrast to steel Fel8CrMoW. The
formation of Fe;Nb3;C depends on the C content in the
matrix. Steel Fel9CrWAI is microalloyed with the
elements Hf and Zr, which have a high affinity for C
and N, so that formation of Fe;Nb;C is avoided.

This means that the residue powder contains several
phases. As can be seen in Figure 11, the morphology of
each particle varies in size and shape. In order to find
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Fig. 18—Evolution of the Laves phase in steel Fe19CrWAI during annealing at 1173.15 K (900 °C).

Table VI. Evolution of the Chemical Composition the Laves Phase in Alloy Fe19CrWALI in Dependence of the Annealing Time at
1173.15 K (900 °C) (determined by EDS)
fannealing (h) Fe mass pct Nb mass pct W mass pct Cr mass pct Si mass pct Al mass pct
24 37.6 £1.3 232 +24 24.8 £ 3.5 10.8 £ 0.7 2.8 £0.1 0.5=+0.1
192 36.8 £ 2.1 23.0 £3.2 28.0 £ 3.3 10.0 £ 2.6 3.0+ 0.2 0.5+0.1
720 36.7+ 1.4 23.1 £ 0.6 28.2+£09 6.8 £0.3 32 £0.1 0.5+ 0.0
1440 36.0 + 1.3 24.6 £ 0.7 293+ 1.1 6.7+ 0.2 32+£0.1 0.9 £ 0.6
at. pct at. pct at. pct at. pct at. pct at. pct
24 48.5 £ 1.0 180+ 1.5 98+ 1.5 150 £0.7 7.1 +£0.3 1.3£02
192 46.1 £ 3.4 185+ 34 114+1.9 142 +£29 7.9 £ 0.7 14+£0.2
720 492 £ 1.3 18.6 £ 0.7 11.9 + 0.6 9.8 +£0.3 85403 1.5+ 0.1
1440 483+ 1.3 19.6 £ 0.7 11.7 £ 0.6 9.7+0.2 8.6 £0.3 1.8 £0.2
Table VII. Comparison Between EDS and ICP-OES Measurements of the Chemical Composition of the Laves Phase in Alloy
Fel9CrWAI after 192 h Annealing Time
Fe Nb w Cr Si Al
ICP-OES 33.00 27.0 21.0 6.2 2.7 0.4
EDS 36.8 +£ 2.1 23.0 £3.2 28.0 £ 3.3 10.0 + 2.6 3.0+ 0.2 0.5+ 0.1

differences in the chemical composition of the particles
in dependence of the shape, five EDS point measure-
ments of various particles were carried out. The result-
ing chemical composition after annealing at 1173.15 K
(900 °C) for 1440 hours are shown in Figures 14 and 15.
In the case of steel Fel8CrMoW, the Nb content was
about 48 mass pct, in all measurements except for the
first one (Figure 14). This affected the Fe content as seen
in measurement 1 with the lowest Fe value. Overall,
there is no significant difference in chemical composition
of the various Laves phase particles in alloy Fel8Cr-
MoW. In the case of alloy Fel9CrWAI, the measure-
ments show slight differences in the Fe, W, and Nb
contents, although, no significant differences are ob-
served in particles of different size (Figure 15).

Owing to the small size of the Laves phase particles,
the emissive volume of the EDS measurement may
exceed the volume of one particle, and thus the
measured chemical composition could be influenced by
the surrounding particles. According to Monte Carlo
simulations, the emissive volume of the EDS measure-
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ment in the Laves phase affects a region about 320 nm in
width and 550 nm in depth, at most. Hence, the
surrounding particles have an insignificant effect on
the measured values.

Evolution of the chemical composition of the Laves
phase during annealing was determined by EDS mea-
surements on the precipitate residues of alloys Fel8Cr-
MoW and Fel9CrWALl in different annealing states. The
content of the elements is plotted against the annealing
time for steel Fel8CrMoW in Figure 16. The measured
values are summarised in Table V. After 24 hours
annealing time, the average Nb content is 38 mass pct
(30 at. pct) and the Fe content is 32 mass pct
(42,5 at. pct) (Figure 16. After 192 hours annealing
time, the Nb content increases by about 11 mass pct
and the Fe content decreases by about 6 mass pct. With
longer annealing times, there is no significant change in
the Nb content, whereas the Fe content increases slightly
(Figure 16). The W content decreases from 16 to
6 mass pct after 24 hours annealing time, but remains
constant for longer annealing times. This means that
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after 192 hours annealing time the Laves phase reaches
a state close to the chemical equilibrium.

To confirm that the Laves phase is in a chemical
equilibrium state, ex situ EDS was performed with
linescans crossing a single Laves phase particle in steel
Fel8CrMoW after 1440 hours annealing time (Fig-
ure 1). The results of one EDS linescan are shown in
Figure 17. There is a smooth transition in W- and Nb
intensity from the matrix to the precipitate, which seems
to indicate a gradient in the chemical composition as a
result of diffusion. Inside the precipitate, there are no
significant intensity peaks that would indicate a W-
depleted and Nb-enriched core.

In order to exclude a narrow gradient resulting from
the bigger emissive volume during EDS measurement,
Monte Carlo simulations were carried out with a
particle of the same diameter and composition as that
measured in a surrounding matrix. Additionally, a W-
depleted and Nb-enriched core was created with a
diameter ranging from 10 to 2000 nm. According to the
simulation, the minimum detectable core diameter is
500 nm using the Nb signal and 100 nm using the W
signal.

A comparison of the measured intensity of W with the
simulated intensity on the interface between the matrix
and the precipitate (Figures 17b, ¢) did not reveal a
significant difference among both profiles. Since the
underlying chemical composition of the phases is
constant in the simulation (Figure 17a), this leads to
the conclusion that the real chemical composition, used
as a basis for the measured intensity, is also constant.
The same logic applies to the measured and simulated
intensity of Nb (Figures 17d, e).

The results thus confirmed that the Laves phase
precipitates in steel Fel8CrMoW are in a state of
chemical equilibrium after an annealing time of
1440 hours at 1173.15 K (900 °C). Furthermore, the
presence of a core within the precipitate with a lower W
content and a higher Nb content, and a diameter larger
than 10 nm was ruled out.

The chemical composition of the Laves phase in steel
Fel9CrWAI mainly consists of Fe, W, and Nb, whereby
the W content is significantly higher than in alloy
Fel8CrMoW (Figure 18). After 24 hours, the Fe con-
tent is 37.5 mass pct (48.5 at. pct), the W content
25 mass pct (10 at. pct), and the Nb content
23 mass pct (18 at. pct) (Figure 18; Table VI). With
longer annealing times, the Fe content decreases slightly
and the W content increases by about 3 mass pct.
Overall, there is no significant change in the chemical
composition of the Laves phase in alloy Fel9CrWAlI
during long-term annealing.

The residue of steel Fel9CrWALI was also analyzed by
ICP-OES to corroborate the EDS measurements.
Table VII lists the results together with those of the
EDS measurements. These results confirm that the
Laves phase mainly consists of the elements Fe, Nb,
W, and Cr. The Fe content found by the EDS and ICP-
OES measurements differ by about 8 pct, but this is
within the usual range of error. The Nb content differs
by about 4 mass pct owing to the fact that the ICP-OES
chemical analyses measures all phases present in the
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extracted residue. This means that the Nb-rich carbides
in the residue affect the results. The most significant
difference is in the W content with 7 mass pct (Table -
VII).

The Laves phase formed in steel Fel8CrMoW differs
in morphology and chemical composition from that in
steel Fel9CrWAL. The shape of a precipitate is generally
a compromise between a minimum distortion energy
and the total surface energy.”® On the other hand, the
distortion energy depends on the interface energy
between the precipitate and matrix.”® For this reason,
further investigations of the interface energy between the
Laves phase precipitates and the matrix in both steels
should be performed in order to understand differences
in Laves phase formation. Of particular importance is
the influence of the dissolved Al in steel Fe19CrWAI on
the interface energy and also diffusion of the elements
within the Laves phase.

Overall, it can be stated that the Laves phase in steel
Fel8CrMoW achieves its chemical equilibrium after
192 hours annealing time, after which no significant
change in the Nb content was measured. Nevertheless,
the high-temperature strength decreases slightly. In the
case of alloy Fel9CrWAL, the high-temperature strength
also decreases slightly, although the Nb content does
not change after only 24 hours annealing time. Conse-
quently, the reduction in the high-temperature strength
cannot be caused only by the change in Nb content with
the annealing time. Instead, it is a combined effect of all
microstructural changes, namely formation and coars-
ening of the Laves phase, evolution of its volume
fraction and dispersion as well as depletion of alloying
elements from the ferritic matrix.

IV. CONCLUSIONS

The present study has focused on the effect of Laves
phase precipitates on the high-temperature strength of
three newly designed ferritic stainless steels during
isothermal long-term annealing. Based on the present
results, the following conclusions can be drawn:

1. Due to the solid-solution strengthening effect of W
as well as Mo, the high-temperature strength of fer-
ritic stainless steel was increased and this enhance-
ment was preserved during long-term annealing.

2. The addition of 3.5 mass pct Al leads to an increase
in the high-temperature strength of the ferritic
stainless steels due to a solid-solution strengthening
effect.

3. Investigations of the microstructure in dependence
of the annealing time at 1173.15 K (900 °C) showed
rapid growth and coarsening of Laves phase precip-
itates.

4. Due to the rapid coarsening of the Laves phase pre-
cipitates, their contribution to the high-temperature
strength via precipitation hardening is compara-
tively small. However, their coarsening is also not
detrimental to the high-temperature strength. For-
mation of the Laves phase along grain boundaries
avoids grain growth during long-term annealing.
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5. The Laves phase residue extracted from Al-alloyed
steels differs in morphology and chemical composi-
tion compared to Al-free steels.

6. The chemical composition of the Laves-phase in Al-
free ferritic steels achieves its equilibrium state after
192 hours annealing time, whereas this condition is
reached in the Al-alloyed steels after 24 hours
annealing time.
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