A New Equation for the Cr Equivalent in 9 to 12 Pct Cr Steels

S.H. RYU and JIN YU

In advanced 9 to 12 pct Cr steels, the Cr equivalent is used as a measure to check the formation
of &-ferrite. In the present analysis, 29 alloys of varying composition were vacuum induction
melted, and the amounts of &-ferrite were measured in as-tempered conditions. Based on this and
previous results on 9 to 12 pct Cr steels, a new equation for the Cr equivalent is proposed and
correlated with the amount of d-ferrite formation. Results indicate that the new Cr equivalent
equation shows better correlation than previous equations and predicts the amount of o-ferrite

formed reasonably well.

I. INTRODUCTION

In order to improve the thermal efficiency of fossil
power plants, there is a drive to develop high Cr (usually
9 to 12 pct Cr) ferritic steels with excellent creep properties
as well as superior oxidation and corrosion resistance prop-
erties to those of conventional 1CrMoV, 2.25Cr1Mo, or
existing 9 to 12 pct Cr steels. In alloy designing so-called
advanced 9 to 12 pct Cr steels, it is very important to es-
timate the amount of é-ferrite imbedded in tempered mar-
tensite microstructure, because 6-ferrite is known to reduce
the notch toughness catastrophically and should be avoided
in turbine steels. Effects of alloying elements on the for-
mation of the é-ferrite are basically related to the role of
these elements in expanding or constricting the austenite
field. Strong carbide forming elements, such as Ti, V, Mo,
W, and Nb, and noncarbide forming elements, such as Si,
which are known to constrict the <y field, are expected to
increase the &-ferrite formation, while austenite stabilizing
elements, such as Ni, Mn, Co, Cu, C, and N, are expected
to play the opposite role.

In an attempt to predict the formation of -ferrite in high
Cr alloy steels, the concept of Cr equivalent (in wt pct) was
introduced, which strictly corresponds to the equivalent
amount of Cr in the Fe-Cr binary system that would form
the same amount of S-ferrite at the same temperature. In
that context, various equations for the Cr equivalent (Cr,,)
are proposed by Thielemann,!! Newhouse et al.,”) Schnei-
der,B! Pickering,!® and other researchers as well,’”-'4l which
are summarized in Table 1. All these equations express the
Cr equivalent as linear equations of various alloying ele-
ments through the regression analysis. Here, coefficients
ahead of each alloying element are potency factors nor-
malized to the same amount of Cr in their ability to expand
or constrict the y field, which is related to the &-ferrite
formation. Here, the net Cr equivalent equation by Schnei-
der is deduced by the Schaeffler diagram modified by
Schneider showing the effects of Ni and Cr equivalents on
the constitutional diagram of stainless steel. In the diagram,
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it was shown that the o-ferrite exists when Cr,, — 0.691
Ni,, > 10 pct, where formulas of the Cr and Ni equivalents
are given in References 5 and 6. Existing equations differ
substantially among themselves and do not predict the for-
mation of o-ferrite accurately in many cases, which can be
ascribed to a different number of alloying elements being
included and to the exclusion of higher order and interac-
tion terms among alloying elements.

In the present analysis, several new 9 to 12 pct Cr steels
were prepared and the amount of 6-ferrite formed was mea-
sured in the as-tempered condition, and a new equation for
the Cr equivalent is proposed based on the present and past
results.['5-30]

II. EXPERIMENTAL PROCEDURE

Chemical compositions of heats produced in this study
are given in Table II. Ingots, 50 kg each, were produced
by vacuum induction melting under 107! to 103 torr, and
subsequently forged at 950 °C to 1200 °C to bars with 45
X 100-mm cross section. Forged bars were austenitized at
1100 °C for 4 hours, controlled cooled to room temperature
with a cooling rate of 110 °C per hour, and subsequently
tempered at 700 °C for 10 hours before furnace cooling.
As-tempered microstructures were examined on surfaces
normal and parallel to the forging direction using Vilella’s
reagent,*!] and the area fractions of é-ferrite were measured
using the image analyzer. Usually 20 measurements, each
covering an area of 1.0 X 0.75 mm, were made out of a
specimen, from which an average was taken.

III. RESULTS AND DISCUSSIONS

The amount of &-ferrite in as-tempered heats is shown in
Table III, and typical optical micrographs with varying
amounts of o-ferrite are shown in Figure 1. Note that the
o-ferrite formation preferentially takes place along grain
boundaries or grain boundary triple junctions. Based on the
o-ferrite measurements of the 29 heats mentioned earlier
and previous reports,!'*3% a new equation for the Cr equiv-
alent is proposed here as follows:

Cr,, (pet) = Cr + 0.8Si + 2Mo + 1W + 4V

J’_

2Nb + 1.7A1 + 60B + 2Ti + 1Ta [1]
2.0Ni — 0.4Mn — 0.6Co — 0.6Cu
— 20N — 20C
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Table I. Proposed Equations for the Cr Equivalent and the Criteria to Avoid the 5-Ferrite Formation in 9 to 12 Pct Cr Steels

Criteria for No

Equations o-Ferrite References
1. Cr,, (pct) = Cr + 5.2S8i + 42Mo + 2.1W + 11V + 4.5Nb + 12Al + 7.2Ti — 1
— 3Ni — 2Mn — 40N — 40C
2. Cr,, (pct) = Cr + 1.5S8i + 2V + 3Nb + 2.5A1 + 7.2Ti + 10Zr — 3Ni — 2Mn — 7
— 2Cu — 40N — 40C
3. Cr,, (pct) = Cr + 6Si + 4Mo + 1.5W + 11V + 5Nb + 12A1 + 8Ti + 2.5Ta Cr,, < 10 pct 2,3, 4
— 4Ni — 2Co — 2Mn — 1Cu — 30N — 40C
4. net Cr,, (pct) = Cr + 2Si + 1.5Mo + 0.75W + 5V + L.75Nb + 5.5Al + 1.5Ti net Cr,, < 10 pct 5,6
— 0.691(Ni + Co + 0.5Mn + 0.3Cu + 25N + 30C)
5. Cr,, (pct) = Cr + Si + 2Mo + 1.5W + 4V — 2.3Ni — 0.3Mn Cr,, < 15 pct 8
6. Cr,, (pct) = Cr + 28i + 1.5Mo — 2Ni — Mn — 15N Cr,, — 7.5C < 8.2 pct 9, 10
7. *Md = 1.059Cr + 1.034Si + 1.663Mo + 1.836W + 1.610V + 2.335Nb + 2.486Ta Md < 0.852 11
+ 2.497Ti + 0.755Co + 0.637Cu + 0.825Fe — 0.4N — 0.23C
8. &-ferrite (pct) = 14Cr + 6Si + 5SMo + 18V + 54Al — 220N — 210C — 20Ni — 12
— 7Co — 7Cu — 6Mn
9. é-ferrite (pct) = 12.1Cr + 32.9Si + 39.1Mo + 46.1V + 83.5Nb — 555C — 476N — 13
— 49.5Mn — 28.7Ni — 697B — 104
10. o-ferrite (pct) = 2.962 + 1.885 (heat input per unit length, kJ/mm) — 14
11. Cr,, (pct) = Cr + 0.8Si + 2Mo + 1W + 4V + 2Nb + 1.7Al + 60B + 2Ti + 1Ta Cr,, < 10 pct this study
— 2.0Ni — 0.4Mn — 0.6Co — 0.6Cu — 20N — 20C
*Alloying elements in atomic fraction.
Table II. Chemical Compositions of the Alloys (Weight Percent)
Number C Si Mn Ni Cr Mo w v Nb B N Co Cu Al
BCl1 0.01 002 1.05 090 1126 009 261 023 0.05 0.0119 0.0385 — — 0.076
BC2 0.07 002 1.03 0.88 1080 0.09 259 0.19 0.05 0.0088 0.0350 — — 0.080
BC3 0.13 002 103 084 11.03 0.10 256 022 005 0.0082 0.0403 — — 0.074
BC4 0.18 002 101 087 10.88 0.10 254 022 005 0.0080 0.0357 — — 0.060
W35B1 0.06 003 104 08 11.13 009 348 022 005 0.0012 0.0436 — — 0.018
W35B2 0.05 002 1.04 090 11.15 0.10 351 021 0.05 0.0075 0.0415 — — 0.020
CW30B1 0.11 002 088 0.83 11.01 0.07 3.05 021 0.05 0.0017 0.0360 — — <0.01
CW30B2 0.11 002 098 0.84 1086 0.09 3.06 020 0.05 0.0076 0.0356 — — <0.01
BWI10 0.13 004 054 1.02 9.15 007 123 018 0.07 0.0075 0.0376 — — 0.012
BW25 0.11 002 052 1.03 994 009 261 022 005 0.0079 0.0314 — — <0.01
BW35 0.11 006 052 1.02 957 007 339 021 0.08 0.0057 0.0335 — — 0.005
BWS5 0.12 004 052 1.10 985 008 548 020 0.05 0.0080 0.0345 — — 0.090
BW20Crl 0.13 0.10 050 1.08 1080 0.09 185 021 0.05 0.0060 0.0400 — — 0.006
BW30Crl 0.11 003 049 1.05 1080 0.07 3.07 020 0.05 0.0075 0.0256 — — 0.010
BW20Cr2 0.10 002 050 1.02 11.60 009 197 019 0.05 0.0070 0.0425 — — 0.005
CoC1 0.05 004 005 0.13 1125 008 255 021 006 0.0013 0.0376 3.00 — 0.005
CoC2 0.09 003 005 0.13 1127 0.10 255 021 007 0.0013 0.0380 2.99 — 0.006
CoC3 0.13 003 0.05 0.13 1140 0.11 252 021 0.06 0.0014 0.0394 2.99 — 0.005
CoC3Mo 0.13 004 0.05 0.13 1146 050 255 022 0.07 0.0026 0.0413  3.00 — 0.006
CoC3Cr 0.13 002 0.05 0.05 1210 008 196 020 0.05 0.0065 0.0390 2.98 — 0.006
CoW35B1 0.09 004 005 050 1128 0.11 349 021 006 0.0020 0.0387 298 — 0.006
CoW25B2 0.13 0.13 008 055 11.50 0.09 245 021 007 0.0090 0.0425 3.05 — 0.006
CoW35B2 0.09 004 005 050 1126 0.10 351 021 006 0.0076 0.0397 3.02 — 0.007
Cul0 0.13 0.13 0.08 048 1098 0.07 242 021 0.07 0.0070 0.0440 — 1.00 0.008
Cu20 0.14 003 0.08 049 1140 008 255 021 0.07 0.0090 0.0425 — 2.98 0.006
Cu20Mo 0.13 005 009 050 11.19 053 259 022 0.07 0.0085 0.0440 — 3.00 0.008
Cu20Cr 0.13 004 051 049 1200 0.10 199 019 0.05 0.0070 0.0455 — 2.96 0.006
CuW35B2 0.12 0.14 008 050 1126 0.08 358 023 0.07 0.0030 0.0425 — 3.00 0.006
CuCoW35B2 0.14 0.18 0.08 0.50 10.83 0.08 345 0.22 0.07 0.0085 0.0445 1.10 2.00 0.007

Other elements: 0.010 to 0.020 pct P; 0.006 to 0.010 pct S.
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Table III. Cr Equivalent and 6-Ferrite Contents of the
Alloys Studied in the Present Analysis (Weight Percent)

Alloy Cr,~ Cr,,”™ Cr,* o-Ferritet
Number (Wt Pct) (Wt Pct) (Wt Pct) (Pct) Stds
BCl1 12.09 13.19 12.74 41.1 3.24
BC2 9.04 11.38 10.84 12.5 1.59
BC3 7.16 10.41 9.91 0 0
BC4 4.79 9.18 8.72 0 0
W35B1 10.42 12.25 11.62 114 1.10
W35B2 10.41 12.28 12.06 16.5 2.67
CW30B1 8.11 10.86 10.35 0.2 0.08
CW30B2 7.71 10.66 10.50 0.8 0.40
BW10 2.5 7.11 6.28 0 0
BW25 6.63 9.60 9.12 0 0
BW35 7.55 9.81 9.38 0.1 0.01
BWS55 10.88 11.72 11.55 2.5 0.66
BW20Crl 5.45 9.39 8.46 0 0
BW30Crl 8.08 10.79 10.39 2.3 0.39
BW20Cr2 7.08 10.63 9.96 0 0
CoCl 8.54 10.67 11.20 10.7 2.93
CoC2 7.04 9.89 10.47 1.7 0.39
CoC3 5.50 9.15 9.76 0 0
CoC3Mo 7.28 9.86 10.71 0.6 0.24
CoC3Cr 5.37 9.37 9.94 0 0
CoW35Bl1 7.08 10.38 10.74 0.8 0.41
CoW25B2 4.11 8.99 9.35 0 0
CoW35B2 6.94 10.32 11.01 1.4 0.68
Cul0 8.83 10.35 9.99 0 0
Cu20 6.48 10.08 9.21 0 0
Cu20Mo 8.66 10.84 10.11 <0.1 0
Cu20Cr 5.51 10.18 9.03 0 0
CuW35B2 9.51 11.43 10.28 <0.1 0
CuCoW35B2 6.96 9.94 9.54 0 0

“**fCalculated values of Cr equivalent using the proposed equations

by Newhouse et al.,’”! Schneider,™ and the present analysis, respectively.
fThe amount of &-ferrite measured in the present work.
$Corresponding standard deviations.

Here, all chemical compositions are in weight percent, and
the potency factors, numerical coefficients ahead of each
alloying element, were deduced by multiple regression. The
regression analysis included only the major alloying ele-
ments, such as Cr, W, C, and Ni initially, but extended to
cover remaining elements subsequently.

This equation differs from that of Thielemann,!'! which
is based on the Fe-based system, and also from that of
Newhouse et al.,?' which modified the Thiclemann equa-
tion to 9 to 12 pct Cr steels. The Newhouse equation shows
that the o-ferrite does not form for Cr,, < 10 pct. Compared
to the Newhouse equation, potency factors of carbide form-
ing elements (or 6 formers), such as Mo, V, Ti, and W,
plus Si and Al are substantially lower, and even those of vy
formers, such as Ni, Mn, Co, and Cu, are mildly lower in
the present study. Potency factors of the present study are
pretty much similar to those of Schneider,! except Si (low-
ered), Al (lowered), Ni (increased), and B that is newly
added. In advanced 9 to 12 pct Cr steels, boron is added
to 150 ppm to increase the creep rupture strength®?! and
known to reduce the amount of &-ferrite.') However, the
present study reveals that B enhances the o-ferrite forma-
tions contrary to the previous reports (cf: compare alloys
W35B1 to W35B2, CW30B1 to CW30B2, and CoW35Bl1
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to CoW35B2). Generally, B is a y constricting element, and
formation of borocarbide can expedite the é-ferrite forma-
tion by reducing the amount of C dissolved in the matrix.

The Newhouse criterion does not predict o-ferrite for-
mation for Cr,, < 10 pct; nonetheless, results of BW30Crl
and CoCl alloys shown in Figure 1 show the presence of
o-ferrite, presumably due to the overestimated potency fac-
tors of Ni, Mn, and Co. On the other hand, the Schneider
equation predicts the formation of é-ferrite for net Cr,, >
10 pct, for BC3, BW20Cr2, Cul0, and Cu20Cr alloys,
which was not verified experimentally here (for the defi-
nition of net Cr,, refer to Eq. [4] in Table I). Thus, the
roles of Ni and Cu appear to be underestimated in the
Schneider equation.

In Figure 2, amounts of é-ferrite found in tempered alloy
steels are plotted as functions of several Cr equivalents,
namely, Newhouse, Schneider, and the present equation. Data
are from 228 alloys presented in the present work and pre-
vious reports.'>=3% It can be seen that the scattering band im-
proves in the order of Newhouse, Schneider, and the present
work. Large scatters were found in W > 1.5 pct and Ni > 1
pet in the Newhouse equation. The figure also demonstrates
that the Schneider equation shows a substantial improvement
over Newhouse’s and that the present equation can be used
in a wide range of 9 to 12 pct Cr alloy steels.

In alloy designing high Cr alloy steels for turbine rotors, it
is important to know the optimum amount of each alloying
element that does not form &-ferrite. Being a measure to form
o-ferrite, the Cr equivalent provides a useful criterion. For
example, the criteria to form o-ferrite are Cr,, > 10 pct and
net Cr,, > 10 pct for the Newhouse and Schneider equations,
respectively. Strictly speaking, these critical values should co-
incide with the Cr content of the /y + & boundary in the
Fe-Cr-C phase diagram®® at a fixed C content when all other
alloying elements are absent, which is Cr = 13.23 pct at 0.1
pct C. The Newhouse equation gives Cr = 14 pct, which is
reasonably close to that of the phase diagram, while the
Schneider equation gives Cr = 12.07 pct. From Figure 2(c),
it can be seen that -ferrite starts to form at Cr,, = 11.0 =
1.0 pct in the present work. Taking the lower limit, we take
Cr,, = 10 pct as a conservative criterion to be kept to avoid
the o-ferrite formation. This corresponds to Cr = 12.0 pct at
0.1 pct C in the Fe-Cr-C ternary system, which is 1.23 pct
lower than that of the phase diagram. The difference can also
be interpreted as a safety margin, which takes account of &-
ferrite formation under nonequilibrium conditions such as seg-
regation of ferrite forming elements during the solidification
process.

In some cases, such as in boiler tube steels or dual phase
steels, the presence of a small amount of &-ferrite is ben-
eficial to good weldability and formability, and a method
to predict the amount of o-ferrite present is desired. Here,
we propose a relation between o-ferrite content (Y, in vol
pct) and the Cr equivalent (X, in wt pct) at 1100 °C based
on our regression analysis, as follows:

Y = 34043 — 71.75 X + 3.77 X2, 10 pet < X < 12 pet
(2]

Y= —146.32 + 13.94 X, X > 12 pct

The accuracy of the proposed equation can be seen from
the high sample correlation coefficients (above 0.92) as
well as from Figure 3, which shows the correlation between
the calculated and measured amounts of &-ferrite. The two
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Fig. 1—Optical micrographs of as-tempered microstructures of (a) W35B2 (6 = 18.5 pct), (b)) BW25 (6 = 0 pct), (¢) BW30Crl (6 = 2.3 pct), (d) CoCl

(6 = 10.7 pct), (e) CoC3Mo (6 = 0.6 pct), and (f) CuW35B2 (6 = 0.1 pct).

showed the scattering band of only 16 pct, which may come
from varying austenitization temperatures, macro- and mi-
crosegregation, etc. According to Eq. [2], it can be seen
that 100 pct o-ferrite forms when Cr,, = 17.67 pct.

IV. CONCLUSIONS

1. A new equation for the Cr equivalent is proposed for 9
to 12 pct Cr steels, as follows:
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Cr,, (pct) = Cr + 0.8Si + 2Mo + 1W + 4V

+ 2Nb + 1.7Al + 60B + 2Ti + 1Ta
— 2.0Ni — 0.4Mn — 0.6Co — 0.6Cu
— 20N — 20C

The equation takes into account the effect of B, Ni, and
Co reasonably well.
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Fig. 3—Correlations between the measured and calculated amounts of 6-
ferrite.

2. A conservative rule to be kept to avoid the §-ferrite for-
mation in this type of steel is proposed as Cr,, < 10 pct.

3. For Cr,, = 10 pct, the amount of o-ferrite (Y) is related
to the Cr,, (X), as follows, within the accuracy of + 8
pet:

Y = 34043 — 71.75 X + 3.77 X2, 10 pet < X < 12 pet

Y= —-146.32 + 13.94 X, X > 12 pct
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