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Abstract

In this work additions of 0.5, 1.0 and 2.0 wt.% of niobium were made to a Fe—15% Cr—15% Ni austenitic stainless steel. The microstructures
and the mechanical properties of the as cast, hot forged, solution annealed and aged samples as well as the tape alloys (produced using th
melt spinning process) were evaluated and compared. The microstructures of the steels were characterized and analyzed using severa
complementary techniques. Mechanical properties were measured using tensile tests and Vickers hardness. Results showed that niobiun
additions caused an enlargement of the solidification interval and led to Laves phase formation in the as cast samples. The Laves phase is
hard and fragile and its formation between austenite dendrites caused loss in toughness and ductility. After hot forging, the microstructure of
the samples was essentially constituted by recrystallized austenitic grains and a relative uniform dispersion of Laves phase patrticles in the
alloys containing niobium. The samples were solution annealed at 1200 or atd 2%@r hot forging. Annealing did not allow a complete
dissolution of particles observed in the hot forged samples whereas the melt spinning process produced alloys free of Laves phase patrticles.
Aging of niobium containing alloys in the temperature range between 600 ariC8Hlised significant precipitation hardening.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction less steels, recent woj$, 10]has shown the effect of niobium
addition, mainly on Laves phase formatif@j and its disso-
Fe—15% Cr-15% Ni austenitic stainless steels have alution[10]. In austenitic stainless steels, niobium reacts with
fully austenitic microstructure which is free &fferrite and carbon resulting in NbC and thereby hindering the precipi-
intermetallic phases such as signag &nd chi ) phases, tation of Mx3Cs, reducing the susceptibility to intergranular
due to their low Cr/Ni ratio and the absence of molybde- corrosion. In niobium-stabilized austenitic steel primary NbC
num[1-5]. Fully austenitic stainless steels, particularly the formation was also observed during solidificat[dh Laves
15% Cr-15% Ni typd6,7], are employed in high temper- phase is also favored in austenitic stainless steels by niobium
ature applications in which creep and oxidation resistance additions[11-15] For niobium levels up to 0.07% the solu-
plus microstructural stability are mandatdB]. Formation bility limit in the austenitic stainless steel is suffici¢hi] to
of strain-induced martensite is not observed in the Fe—15% cause Laves phase (f¢b) formation. Precipitation harden-
Cr—15% Ni austenitic stainless stefls-7]. In ferritic stain- ing can occur if the precipitated Laves phase shows a coherent
or semi-coherent interface with the matifik2,13] How-
* Corresponding author. Tel.: +55 11 30915239; fax: +55 11 30915243. ever, the. Laves pha;e frequently .Shows deleterlous.effects on
E-mail addresses: padilha@usp.br (AF. Padilha), machadoi@usp.or M€chanical properties because it is hard and fragile, hence
(I.F. Machado). causing loss of toughness. In this work, nominal additions
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of 0.5, 1.0 and 2.0 wt.% of niobium were made to the fully Tape dimensions were 4mm width and 40480
austenitic Fe—15% Cr—15% Ni austenitic stainless steel. Thethickness.
objective of the present study is to compare the effect of nio-  Microstructures of the alloys were observed using opti-
bium additions to the Fe—15% Cr—15% Ni austenitic stainless cal microscopy (OM), scanning electron microscopy (SEM)
steel in terms of microstructure and mechanical properties. with energy dispersive X-ray spectroscopy (EDS) and trans-
The alloys were characterized and analyzed in the as castmission electron microscopy (TEM). Metallographic sample
hot forged, annealed, aged and after rapid solidification con- preparation for OM and SEM observations consisted of grind-
ditions (melt spinning). The carbon in the studied alloys was ing down to 2400-grit paper, followed bypim diamond
kept below 0.03% to minimize the NbC precipitation. Resid- polishing with further electrolytic polishing. The composi-
ual elements like P, S, Cu, Sn and As were also kept at verytion of the polishing electrolyte was 950 ml acetic acid and
low levels. Alloy microstructures were analyzed using several 50 ml perchloric acid. The electrolyte was kept af €C3and
complementary techniques such as differential thermo analy-the samples were polished at 80V for 80 s. After electrolytic
sis, precipitate extraction, X-ray diffraction, optical, scanning polishing, the samples were etched with V2A-B€fiz6] at
(with energy dispersive X-ray spectroscopy) and transmis- 70°C for 20-60 s. Compositions of the different phases were
sion electron microscopy. The presence of magnetic phasesietermined by energy dispersive analysis. For TEM observa-
was evaluated using a ferritoscope. Mechanical propertiestion, the samples were mechanically thinned down toy 50
were also determined for the Fe—15% Cr—15% Ni—Nb sam- and then punched into 3 mm discs. The thin-foil samples were
ples using tensile test and Vickers hardness measurements.produced by electropolishing the discs in 100 ml perchloric
acid (60%), 200 ml glycerin and 700 ml methanol. The elec-
trolyte was kept at-30°C and 0.3-0.4 A were applied for
2. Materials and methods few seconds. Following, thin foil samples were cleaned with
water, alcohol and dried in air. The crystal structures of the
The alloys with different niobium contents were prepared different phases were determined: (a) by electron diffraction
by vacuum induction melting (VIM) from high purity raw  pattern utilizing TEM; (b) by X-ray diffractometry on pol-
materials. The chemical compositions of the alloys are given ished surfaces and (c) by analysis of Debye-Scherrer camera
in Table 1 data of the extracted residue after dissolution of the matrix. In
The as cast alloys were characterized and hot forged in thethe two last cases, Mod&radiation was used. The presence
temperature range of 1000 and 12@0 As a result, bars of ~ 0f magnetic phases, if any, was determined by using the mag-
about 20 mm diameter were produced. Subsequently, the bargetic induction method (a ferritoscope with 0.1% detection

were solution annealed at 1200 for 1 h or at 1250C for limit).
3h. The samples solution annealed at 125Gor 3h were Tensile tests were carried out to determine mechanical
aged at 600, 700 and 80G for up to 300 h. properties as yield point, tensile strength and total elonga-

Tapes of Fe—15% Cr—15% Ni-Nb alloys were also pro- tion. Tensile tests were performed on round bar samples with
duced using the melt spinning process. These tapes weréb mm diameter and 25 mm gauge length. A special kind of
generated using 6 g samples of each alloy that were inductionmechanical test was also carried out to evaluate the toughness
melted in a ceramic crucible in an atmosphere of 0.3 helium (crack propagation) of the studied steels, which consisted of
bar. The melted alloys were propelled with a speed of 20 m/s, compressing the metallographically prepared sampigs1
under a pressure of 0.5 argon bar, against a rotating coppeshows schematically the sample and the forces applied to the
wheel. The estimated cooling rate was about-10F K/s. above mentioned special test specimen. Using this test, crack
propagation path could be easily observed on the X-surface.
Vickers hardness using a load of 100 N was used to compare

Table 1 . . P "

Chemical compositions of the Fe_15% Cr—15% Ni—Nb (in wt.%) alloys the studied alloys in different conditions. In the case of melt
spinned alloys (tapes) Vickers hardness load was 0.15 N.

Element NOO NO5 N10 N20a N20b

C 0.02 002 002 002 003

Si 059 048 053 057 041 10:,1% - X -

Mn 0.53 043 052 047 051

P 0006 Q006 Q006 Q006 Q006 Y 5mm

S 0013 Q012 Q012 Q012 Q008

Cu 002 004 001 001 002 F -> F

Cr 144 147 151 146 134 A

Al <0.005 <Q005 <Q005 Q005 Q013

Sn Q002 Q002 Q001 Q001 Q001 20 mm

As 0.002 Q001 Q002 Q002 Q004 / 7

Ni 15.0 151 148 148 152

N 0.0084 00081 0075 00081 0028 Fig. 1. Schematic drawing of the sample for mechanical testing. X is the

Mo 0.01 001 <001 <001 <001 . . .

Nb <0.002 Q44 089 174 188 metallographically prepared surface. Y is the surface where compression

force (F) was applied.
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Differential thermal analysis (DTA) was utilized to deter-
mine the effect of niobium additions on thelidus and
liquidus lines. Samples (1g) were analyzed using alumina
crucibles. Results were obtained in the temperature range of
1100 and 1500C. Heating and cooling rates werekt/min.

3. Results

Using DTA it was verified that niobium additions caused
a depression of thiquidus andsolidus lines with a simulta-
neous enlargement of the solidification interval, as shown in
Fig. 2

Niobium additions also led to modifications in the
microstructure of the Fe—15% Cr—15% Ni system. Differ-
ent mechanical properties are expected in the alloys studied
as a consequence of changes in composition and microstruc-
ture. For the sake of simplicity results will be presented in
two sections: microstructure and mechanical properties.

Fig. 3. Ascastsample containing about 2 wt.% of niobium (N20a). Scanning
electron microscopy. Secondary electrons image. Etching: V2A-Beize.

3.1. Microstructure

In the as cast steels samples, the results indicated the
absence of magnetism. On the other hand, an intermetallic
phase was detected in the four steels containing niobium.
The amount of the intermetallic phase could be related to
the niobium content. In the high niobium alloys (N10, N20a
and N20b) the intermetallic phase formed a continuous net-
work and the volumetric fraction was proportional to niobium
wt.%.Figs. 3 and 4how the microstructure of the as cats steel
sample containing about 2 wt.% of niobium.

Energy dispersive analysis of the intermetallic phase fied as Laves phase by analyzing X-ray diffraction data of
revealed high iron and niobium contents and low nickel, the extracted residues. Lattice parameters of Laves phase,
chromium and silicon contents. On the other hand, matrix (Fe ,Ni,Crp(Nb,Si), of this work werea=0.476 nm and
analysis indicated the absence of niobium. In the as cast:=0.786 nm. A more detailed examination of the microstruc-
Fe—15% Cr—15% Ni—Nb alloys almost all niobium was con-  tyre also revealed the presence of small quantities of NbC and
centrated in the particleSable 2shows the results of chem-  mjixed oxide particlesrig. 5shows schematically a proposed
ical composition of these particles in the studied steels. The section of the Fe—15% Cr—15% Ni—0.03% C—Nb phase dia-
intermetallic phase formed during solidification was identi- gram.

The as cast alloys were subsequently hot forged (between
TeC) A 1000 and 1200C) with an area reduction of about 95%,
1470} giving an average grain diameter of aboufu2f.

. Fig. 6 shows a micrograph of the alloy containing
1450w about 2wt.% niobium in the hot forged condition. The
¢ microstructure after forging showed essentially recrystallized

1430k : e L ;

grains. The alloys containing niobium showed a relatively

Fig. 4. As cast sample containing about 2 wt.% of niobium (N20a). Scan-
ning electron microscopy. Secondary electrons image. Etching: V2A-Beize.
Details of the micrograph dfig. 3.

1410}
Table 2

Chemical composition of the Laves phase in the studied steels determined
by EDS analysis

)
1390 Solidus

1370 . Element (at.%) (wt.%)
1350 ) . ) o Fe 46.5+ 0.9 416+ 1.0
0.5 1.0 1.5 2.0 fy'Nb Ni 126+ 0.5 11.9+ 0.5
? Cr 11.3+ 0.3 9.4+ 0.3
. - . . . . Nb 229+ 0.7 34.9+ 0.9
Fig. 2. Effect of niobium additions on thkguidus and solidus lines of Si 68+ 02 31+ 01

Fe—15% Cr—15% Ni system.
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Fig. 5. Schematic proposed repr_esentation of a section of the Fe-15%Fjg. 7. Aged sample containing about 2wt.% niobium (N20b). Aged at
Cr—15% Ni-0.03% C-Nb phase diagram. 700°C for 100 h. Scanning electron microscopy. Secondary electrons image.
Etching: V2A-Beize.

non-uniform dispersion of Laves phase particles smaller thanesting to observe that the coherent twin boundaries have
10p.m. Hot forging caused fragmentation, redistribution and been extensively covered by Laves phase, despite its late
partial dissolution of some particles, hence increasing the nycleation.

niobium content in the matrix. For example, in the alloy Melt spinning process was utilized to keep niobium dis-
N20b (1.89% Nb), about 40% of niobium in the alloy was solved in solid solution. Only fine grained austenite (average
in solid solution after forging. After hot forging, the alloys  grain diameter of about @m) was identified in all alloy
were annealed at 120C for 1 horat 1250C for3hleading  tapes of the studied compositions, confirmed by scanning

to a significant dissolution of particles. However, a complete electron microscopy (sefig. 9 and transmission electron
dissolution of particles even at these high temperatures was

not observed.

Solution annealed samples were aged at 600, 700 and
800°C for up to 300 h. Chromium carbide (Cr,z&Js pre-
cipitation occurred at grain boundaries in the niobium free
alloy (N0O). On the other hand, extensive Laves phase forma-
tion was observed in niobium containing alloys. Laves phase
precipitated first at grain boundaries followed by precipita-
tion at incoherent twin boundaries, coherent twin boundaries
and grain interior, in that order. Laves phase particles hav-
ing plate morphology can be observed kigs. 7 and 8
Using TEM it was possible to determine the relationship
between the austenitic matrix and the Laves phase as being:
(0001)FeNb//(111)yand[10 10]FeNb//[110}.Laves
phase nucleation is sluggish but when it starts the pre- Fig. 8. Aged sample containing about 2wt% niobium (N20b). Aged at

- : . N 700°C for 100 h. Scanning elect [ . Secondary electronsi .
cipitate growth is faster. In these micrographs it is inter- ~ror >Ccanning electrion Microscopy. secondary electrons image
Etching: V2A-Beize.

) . o ) Fig. 9. Melt spinned tape alloy containing about 2wt% niobium (N20b).
Fig. 6. Hot forged alloy containing about 2 wt.% niobium (N20a). Scanning Scanning electron microscopy. Secondary electrons image. Etching: V2A-
electron microscopy. Secondary electrons image. Etching: V2A-Beize. Beize
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TS %EL
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300 445
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100 1
Fig. 12. As cast sample containing about 2 wt.% of niobium (N20b). Scan-
ning electron microscopy after mechanical test. Secondary electrons image.

0 0'5 1'0 1'5 2.0 Etching: V2A-Beize.
. S oNb

Fig. 14 shows the variation of the mechanical properties

Fig. 10. Vickers hardness (HV 10), yield strength (YS, N/fyniensile of the hot forged, solution-annealed (at 1280for 3 h) and
strength (_TS, N/mrf) and total elongation (EL, %) variation with niobium aged (at 700C for 100 h) samples as a function of niobium
contents in the as cast steels. . .

content. Comparing, once again, nhow wWiiy. 13 one can
microscopy. X-ray diffraction data further confirmed that observe improvements in yield strength, tensile strength and
niobium expanded the austenite lattice: the alloy without nio- hardness, but significant deterioration in ductility (total elon-
bium had a lattice parameter of about 0.3549 nm whereasgation), due to solid state Laves phase precipitation.
the alloys containing niobium had a parameter of about Inordertoinvestigate the precipitation hardening behavior

0.3556 nm. (using hardness measurements, HV 10), samples have been
aged at 600, 700 and 80Q up to 300 hFigs. 15-17%how
3.2. Mechanical properties a hardness increase with aging time mainly for the higher

niobium containing alloys. At the highest investigated tem-

Fig. 10 presents the mechanical properties for the stud- perature of 800C, an overaging effect was observed.
ied as cast steels with varying niobium contents. Using the ~ Mechanical properties of the tapes of the steels obtained by
special mechanical test specimen (Bé&g 1), crack propa- meltspinning processare known to be difficultto measure due
gation path could be observed easkigs. 11 and 1Zhow to the tape dimensions, hence only Vickers microhardness
the micrographs of the high niobium as cast material where have been measured inthese tapes using a 0.15 Niiabie.3
cracks can be seen within the Laves phase and that thes€ompares the results of Vickers microhardness of three aIons
propagate along eutectic colonies. in the conditions of melt spinned tapes and the corresponding

Fig. 13shows the mechanical properties of the hot forged hotforged and solution annealed ones. Despite the difference
and solution annealed steels as a function of varying nio-

bium contents. Comparing with the previous condition (see TS 8 %EL
Fig. 10, a clear enhancement of the mechanical properties YS ° N
can be observed, mainly in the total elongation. HVIO® ~ ] %EL 175
3 o a
400 160
300} Jas
YS
2008 oo 130
HV10

100p—————"" 15

. 2.
%Nb

Fig. 11. As cast sample containing about 2 wt.% of niobium (N20b). Scan- Fig. 13. Vickers hardness (HV 10), yield strength (YS, Nﬁmmehsilg
ning electron microscopy after mechanical test. Secondary electrons image Strength (TS, N/mrf) and total elongation (EL, %) as a function of niobium
Etching: V2A-Beize. content in the forged and solution-annealed (1 h at 22)Gteels.
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%Nb

Fig. 14. Vickers hardness (HV 10), yield strength (YS, N/&yensile
strength (TS, N/mr) and total elongation (EL, %) as a function of niobium
contens in the steels solution-annealed at 126Gor 3 h and aged at 70C
for 100 h.

600°C
~ 150}
(=]
y—
E a
- 1.88%Nb
w L}
@ 0.89%Nb
[-
-’?:1 0.44%Nb o O
0%Nb
T 100F $- . °
J) 'l 1 i
W}
10 100 1000
Aging Time (hours)

Fig. 15. Hardness vs. aging time. Alloys NOO, NO5, N10,
600°C.
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Fig. 16. Hardness vs. aging time. Alloys NOO, NO5, N10, N20b aged at
700°C.

N20b aged at
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800°C

200

1.88%Nb

150 0.89%Nb

0.44%Nb

Hardness (HV10)

1000
Aging Time (hours)

Fig. 17. Hardness vs. aging time. Alloys NOO, NO5, N10, N20b aged at
800°C.

Table 3
Vickers hardness of tape alloys (HV 0.015) and of hot forged (HV 10) and
solution-annealed (at 125C for 3 h) samples

Alloy Vickers microhardness Vickers microhardness
(HV 0.015) (HV 10)

NOO 182 105

N10 196 117

N20b 247 124

in loads in the microhardness testing, it may be pointed out
that the hardness increase was higher than 65% for each alloy.
The largest hardness increase (about 100%), was noticed for
the alloy (N20b), the largest niobium containing alloy.

4. Discussion

Based on DTA results (sédg. 2), it may be observed that
niobium additions caused an enlargement of the solidifica-
tion interval, hence the niobium containing alloys are prone
tointerdendritic Laves phase formation. Similar phenomenon
has been observed, by other authidrg], for molybdenum
additions. Furthermore, niobium additions caused a simul-
taneous depression of thiguidus andsolidus lines, being
greater on theolidus than on theliquidus line. Another
effect of niobium additions is the refinement of the as cast
microstructure.

Results of magnetic measurements showed the absence
of magnetism as predicted by the &ffter diagram. Using
chromium and nickel equivalents, this diagram shows that
niobium additions were not sufficient to shift the steel into
the ferritic field (see arrow ifrig. 18).

Elements like molybdenum, titanium and niobium are
Laves phase formers, respectivelpyM®, FeTi and FeNb.
Silicon is known to favor also Laves phase format[@@].

In the as cast niobium containing steels, most of the nio-
bium and silicon in the alloys are combined as Laves phase
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Fig. 18. Schffler diagrani18]. The arrow indicates the region of the studied
alloys Cr equiv. =%Cr + 1.4 (%Mo) + 0.5 (%Nb) + 1.5 (%Si) +2 (%Ti) Ni
equiv. =%Ni+ 30 (%C) + 0.5 (%Mn) + 30 (%N).

of the type (Fe, Ni, Cp (Nb, Si). This formulation is reason-
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800-600C resulted in the precipitation of fine Laves phase
particles, which caused significant alloy precipitation hard-
ening. Laves phase formation in alloys containing niobium
during aging heat treatments lead to an increase in hardness,
mainly in aging carried out at 70C. At 600°C, the increase
was only observed after 100 h. In the sample aged at800

an increase in hardness after the first hour could be observed.
However, for aging carried out at 80C a decrease in hard-
ness after about 10 h was also verified, due to coarsening
(overaging) of Laves phase particles.

Within the limits of this work, rapid solidification using
the melt spinning process was the only way to generate
alloys free of Laves phase particles in the Fe—15% Cr—15%
Ni-Nb alloys. The high hardness values of the tapes of
Fe—-15% Cr—15% Ni—Nb produced by melt spinning could
be explained by: (i) fine grains; (ii) high vacancy supersat-
uration; (iii) formation of many dislocation rings; and (iv)

able since the average electron concentration of the Lavesniobium solid solution hardening. The latter hardening con-

phase is 7.07, which is close to 7.0, obtained fosNHe

During solidification, the Laves phase formation consumes
almost all niobium of the alloy. Laves phase formed inter-
dendritic coarse particles, which have a low hardening effect.

tribution was mainly due to the difference (over 10%) in the
atomic radius.

Finally, as it has been observed in a previous waik
niobium has a significant positive effect on the oxidation

Furthermore, the Laves phase network causes a loss in ducresistance of the studied alloys. Concerning the oxidation

tility. In the as cast condition, the positive effect of niobium

behavior of these alloys, previous wai has shown that

on hardness, yield point and strength is small as comparedniobium in solid solution reduces the oxidation rate, the scale

to its negative effect on ductility (measured through total
elongation). Using the special kind of mechanical test spec-
imen (shown inFig. 1), it was shown that the hypothesis of

index at high temperatures, and raises the scale breakdown
temperature. The role of niobium on the oxidation of a fully
austenitic stainless steels is indirect, through formation of

nucleation and crack propagation in the Laves phases wasCr,05 at the metal/metal oxide interface.

correct.

The results of this work showed that the solid state disso-
lution of the Laves phase in the as cast condition is extremely
difficult even at high temperatures. This can be justified by
diffusion calculations. In fact, the homogenizing timg €an
be evaluatedt1 9] through the following relationship
dZ
5 (1)
where 1, is the time to homogenize the ingaf, is the
distance between dendrite arms (taken agrh) and D
is the niobium diffusion coefficient in austenite (taken as
3.25x 10~ 19¢cné/s at 1200°C). Using this relationship, 85 h
would be necessary to homogenize the ingot.

Even after mechanical processing (hot forging) and solu-
tion annealing the particles dissolution was not complete.
Nevertheless the ductility of the alloys in this condition is
high. Better mechanical properties of hot forged and solu-
tion annealed steels were obtained due to microstructural
improvement: (i) grains were smaller than in the cast alloys;
(ii) partial dissolution of Laves phase and solid solution hard-
ening; (iii) fragmentation and rearrangement of Laves phase

th =

particles and (iv) absence of the Laves phase continuous net3)

work.

Previous researc#,12,13]has shown that Laves phase
formation can occur during aging. In this work, exposure
of niobium containing alloys to temperatures in the range

5. Conclusions

The following conclusions may be drawn from the
observed data about the effects of niobium on the microstruc-
ture and mechanical properties of a fully austenitic Fe—15%
Cr—15% Ni stainless steels:

1) Niobium caused depression on thiguidus and solidus
temperatures, an enlargement of the solidification interval
and lead to Laves phase (Fe, Ni, &Nb, Si) forma-

tion during solidification. In the as cast condition, almost
all the niobium in the alloys remained concentrated in
the Laves phase particles. The as cast microstructure
remained almost unchanged upon solution annealing.

In the as cast condition, the presence of the Laves phase
had a small positive effect on yield point and on tensile
strength, but had a significant negative influence on the
ductility of the studied steels. The Laves phase is hard
and fragile and its formation between austenite dendrites
causes loss of ductility.

Hot forging caused fragmentation, redistribution and dis-
solution of Laves phase particles, increasing the niobium
content in the matrix, but the dissolution of Laves parti-
cles was not complete even after mechanical processing
and solution annealing.

2)
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4) Only rapid solidification using the melt spinning process Mo-Ti-B (DIN-Werkstoff-Nr. 1.4970), J. Nucl. Mater. 105 (1982)

generated alloys free of Laves phase particles. 77-92. _

5) The hotforged and solution annealed alloys showed better [/ P-V. Sivaprasad, S.L. Mannan, Y.V.R.K. Prasad, R.C. Chatuverdi,
mechanical properties than the as cast allovs Identification of processing parameters for Fe—15 Cr-2.2 Mo-15
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