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This paper presents a mathematical model to forecast the level of residual § ferrite in terms of FN in austenitic
stainless steel welds at cooling rates between 10 °C/s up to 10° °C/s. With this aim, two series of austenitic
steel specimens were prepared using an electric arc remelt furnace. Whilst the alloying level was kept con-
stant at [Creq+Nieq] =30 % and [Creq+Nieq] =40 %, the Creq/Nieq ratio was gradually increased from 1.22 up
to 2.00 in each series. For each alloying level, a highly correlated polynomial function (FN vs. Cr/Ni, ), was
found, being Cr  and Ni_ Hammar and Svensson's equivalents. These experimental results have led to the
importance of [Creq+Nieq] and (Creq/Nieq) variables in the forecast of the residual ferrite content and a general

expression including both variables is proposed.

FN = 54.22 — 126.26(Cryq + Nig,

+[-48.11 + 37.14 (Cryg + Nigg )]

(%)

(=2 )+ [-0.23 + 61.95(Cryy + Nigg)

Vg

The proposed model is able to forecast the level of & ferrite with a mean error of +1.01 FN within a deviation
of +/-2.12 FN with 95 % probability by just considering the chemical composition of the alloy. This level of
error has been proved to be lower than DelLong's and WRC-1988 diagrams errors. Moreover, the proposed
model has also been compared with WRC-1992 diagram and FNN-1999 neural network and it provides a
more accurate FN forecast within the range of compositions and cooling rates considered.

IIW-Thesaurus keywords: Electric arc, Austenitic Stainless Steels, d-ferrite, FN, Gas Tungsten Arc Welding

(GTAW), Chromium equivalent, Nickel equivalent.

'} {introduction|

Controlling the &-ferrite content in stainless steels is
of utmost importance, as its content will influence the
material properties and its on-site behaviour in terms of
weldability, corrosion resistance, toughness and thermal
stability. Hot cracking phenomenon and low temperature
toughness have been extensively studied [1-17] and it is
commonly agreed that the absence or low §-ferrite levels,
which are the result of austenitic [A] or austenitic-ferritic
[AF] solidification modes, leads to hot cracking phenom-
ena during arc welding solidification and also that values
over b FN are detrimental to low temperature toughness.
Therefore, it is vital to control d-ferrite in those welding
consumables which are intended for cryogenic applica-
tions. On the other hand, high levels of &-ferrite coupled
with long-time high-temperature cycles may cause embrit-
tlement phenomena due to the spinodal decomposition of
d-ferrite, or the formation of undesirable §-sigma phase.

The d-ferrite level can be controlled by taking real measure-
ments, in most cases by using magnetic determination or
in the minority by quantitative metallographic determination,
or alternatively by using well-recognised forecast methods
like the WRC-1992 diagram or the FNN-1999 artificial
neural network which are derived from the chemical com-
position of the weld deposit. These forecast methods are
essential during the design stage of a project when the
weld pad is not available or when different options of weld-
ing consumables are being considered in order to have a
good approach of the d-ferrite level that will be achieved.

Historically, different methods have been used for the
forecast of &-ferrite in stainless steels. In 1985, Olson
[18] contributed to the literature with a comprehensive
compilation of them. A summarised chronology of the
most important events in the d-ferrite prediction is pre-
sented in Table 1.

The current paper presents a new contribution to §-ferrite
prediction in austenitic stainless steel arc-welded metals.
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Table 1 — Summarised chronology of methods for é-ferrite forecast

Researchers Year Event Significance
Strauss Ni vs. Cr diagram to forecast the metallographic F|rst.d|agram o .predlct metglllogrlaphlc phasgs "
1920 ) . relation to chemical composition in rolled stainless
& Maurer [19] phases in rolled stainless steels.
steels.
Newell First mathematical equation to describe the boundary
i 1938 | between austenitic and (y+8) mixed microstructure in
& Fleischman [20] )
wrought stainless steels.
Math ical i fining -ferri
) Mathematical equation to predict austenitic weld at emslmca expr?sswr?? defining & Iemte and
Feild, Bloom ) : Y-austenite phases’ stability as a function of the
. 1943 metal microstructure when welding armour steels ) .
& Linnert [21] ) - i chemical composition of the alloy.
with austenitic stainless steel consumables.
Binder, Brown 1949 Austenite stability versus ferrite stability
& Franks [22] as a mathematical expression.
First time proposing the concept of “equivalent’,
Campbell 1946 Microstructure and mechanical properties of welded by grouping in the same arm of the expression
& Thomas [23] 26Cr20Ni alloy correlated to chemical composition. all the alloying elements promoting the same
microstructural phase.
Development of 3 diagrams in which the author First time of a diagram including Cr equivalent
Schaeffler [24-26] 1947- | gradually refined the Cr equivalent expression. Second | and Ni equivalent on the axes and weld metal
1949 | and third versions also included iso-ferrite lines microstructural phases plotted, together with ferrite
expressed as % volume ferrite. content determined by quantitative metallography.
| d th ber of austenitic all lysed
Diagram focused on the austenite-ferrite transition nclrease e num .e.r ot austenie & ,oys-anayse
. . to improve the precision of Schaeffler's diagram.
Delong 1956 of Schaeffler's diagram. The influence of the N on Instead of quantitative metalloaraphy. maanetic
& Reid [27, 28] the reduction of é-ferrite content in the weld metal is . q ) 9 p ¥, mag
e ) L determination of 3-ferrite was carried out and
quantified in the expression of Ni equivalent .
expressed as % volume ferrite.
Revision of former diagram including experimental First time using the new standardised Ferrite Number
Long 1973 data of alloys with higher &-ferrite contents than (FN) scale proposed by the Welding Research

& DelLong [29-31]

8 FN to replace previous extrapolations in his former
diagram

Council (WRC) and the International Institute
of Welding (IIW)

Between 1973 and 1988 some studies were carried out in relation to the effect of alloying elements on the d-ferrite content, resulting in new
expressions for chromium and nickel equivalents. During that period Suutala et al. [2, 3, 6-8] proposed the solidification modes [A, AF, FA, F]
and Kotecki [32, 33] found a solution to extend the measurement of 8-ferrite content to the duplex stainless steels

Siewert, McCowan

WRC-1988 diagram based on multivariable
linear regressions from the WRC database [35]

Differently from previous ones, the diagram included
duplex and highly alloyed stainless steels data,

1 i ing the f tto 100 FN itis th
& Olson [34] 088 which included the chemical composition and the |r.1creasmg the .orecas O, ,0,0 ) and itis the )
A ) first one in stating the solidification modes and its
experimental FN value of 923 stainless steels. e )
transition lines instead of the metallographic phases
The diagram was designed with extended
WRC-1992 diagram improved WRC-1988 diagram axis-similarly to Schaeffler's diagram- in order
Kotecki 1992 by adding the Cu contribution to the nickel equivalent | to make possible the forecast of the chemical
& Siewert [36, 37] in order to extend the diagram to those duplex composition and the &-ferrite content of dissimilar
containing around 2% Cu in their composition. welds. This WRC-1992 diagram is still valid
in ASME Il code
) WRC-1992 diagram including the martensite limit Increased the applicability of the WRC-1992 diagram
Kotecki[38, 39] 1999 formation for 1 9%, 4 % and 10 % Mn claddings on it. for claddings.
Balmforth It depicts microstructures and 8-ferrite (as % ferrite)
2000 | Diagram for ferritic and martensitic stainless steels determined by quantitative metallography (as both

& Lippold [40]

martensite and ferrite have magnetic response).

Since the end of the 90's until today, the most significant advance in the prediction of FN has been the development of artificial neural networks.
Vasudevan et al. [41] and Vitek et al. [42-45] based their models on multivariable non-linear regressions between the chemical composition, the
solidification mode, the cooling rate - which in turn controls the solid state transformation 8—y- and the FN value. Vitek developed two neural
networks, the FNN-1999 considering only the chemical composition as input variable and the ORFN in 2003 including the cooling rate as an
additional parameter. Both researchers took the WRC database [35] as input data.
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I2 Experimental procedure

Two series of austenitic steel specimens were designed
and prepared; the first one consisted of 45 samples with a
constant alloying level of [Cr_+Ni_] = 40 % and the sec-
ond one consisted of 42 samples with a constant alloying
level of [Cr_+Ni_ ] =30 %. Whilst the alloying level was
kept constant, the Cr_/ Ni_, ratio was gradually increased
from 1.22 up to 2.00 in steps between 0.01 and 0.03.
Chromium and Nickel equivalents (Creq, Ni_) were cal-
culated using the equations established by Hammar and
Svensson [46] [Equations 1. &), b)]. Suutala et al. [3, 6-8],
who established the solidification modes, also stated
that these equivalents gave a better correlation between
composition and solidification modes than Schaeffler's or
Delong’s ones. Moreover, as it will be shown later in this
paper, the use of Hammar and Svensson’s equivalents
compared with WRC equivalents [36], results in a math-
ematical model with lower error in the FN prediction.

Creq=Cr+ 1.37 Mo (1.2)
Nieq=Ni+O.31 Mn+22C+ 142N (1.b)

The base materials used for sample preparation were
three grades of solid wires for Gas Tungsten Arc Welding
(GTAW), including one mild steel grade and two austenitic
grades whose designations and chemical compositions
are shown in Table 2. Except for the molybdenum content
which was analysed by OES at the author’s laboratory,
the wires’ analyses were conducted by an external and
independent laboratory. According to their test report, sili-
con, manganese, phosphorous, chromium and nickel were
analysed by wet process defined in BS Handbook no. 19,
BS 6200. Carbon and sulphur were analysed by combus-
tion IR ABS whilst nitrogen and oxygen were analysed by
inert gas fusion process.

The pre-cleaned wires were cut into segments between
10-18 mm in length and mixed in required proportions as
per Appendixes 1 and 2, so that the designed arc melted
samples (buttons) be in accordance with desired levels
of [Creq+Nieq] and Creq/Nieq ratios. Later on, in Section 3,
these designed compositions will be compared with
the experimental compositions determined by Optical
Emission Spectroscopy (OES). The total weight of each
batch of the samples was B0 g which were melted in a
pure argon atmosphere using the electric arc remelt fur-
nace, based on GTAW process which is recommended
by the ASTM E1306-94 standard [47] and depicted in
Figure 1.In a previous detailed research on the standard

by the current author [48], evidences of compositional
heterogeneity were found and some modifications were
recommended to the ASTM in order to ensure homoge-
neous samples. Consequently, ASTM issued a new revi-
sion to the standard, ASTM E1306-07 [49]. The same
work demonstrated that, for a satisfactory sample, the
optimum parameters for the remelting process were; -cur-
rent 550 A, voltage 30 V, holding duration 60 s and then
followed by 3 min cooling inside the furnace. Accordingly,
these settings were applied to all sample preparation of
the current work.

The solid and homogeneous sample obtained was then
cutin two halves (see Figure 2) by a cooled and lubricated
sawblade and the transversal cross-section (Figure 3),
which is considered for &-ferrite measurements, was
slightly ground by using P400 silicon carbide abrasive

paper.

As depicted in Figure 3, the transversal cross-section
is geometrically characterised by a rectangle of 30 mm
length and 7 mm height together with a circular seg-
ment of a 30 mm chord and 3 mm height, giving a result-
ing grid of 12 columns and 5 rows with a minimum of
50 squares each one of an approximate surface of 6 mm2
The overall surface was divided into three zones contain-
ing 12 squares each, as shown in Figure 4: the upper
one (coloured in yellow) which was in contact with the
inert gas, the lower one (coloured in green) which was
in contact with the copper crucible and the central one
(coloured in rose) which was considered representative of
an as-welded GTAW deposit in terms of cooling rate [48]
and therefore was specifically investigated.

An M10B-FE Fischer feritscope was used for the &-ferrite
measurements in terms of Ferrite Number (FN). It was
calibrated against a set of lIW (International Institute of
Welding) secondary calibration standards according to
the international standard EN ISO 8249:2000 [50]. The
procedure for the use of the feritscope includes the list of
tolerances of the equipment for the different FN bands,
and the higher the FN the less stringent the tolerance.
Tolerances are as follow: +/- 1FN for (0-14) FN, +/-2 FN
for (14-24) FN, +/-3 FN for (24-40) FN and +/-4 FN for
(40-70) FN.

Five individual FN measurements were taken at each
of the 12 central squares of the transversal cross-sec-
tion (rose zone in Figure 4); therefore each sample is
described by 60 individual readings and its average value.

Table 2 — Chemical composition of the base materials used [wt. %]

AWS

designation

ER310 WO115567 | 0108 | 1.70 | 0.34 | 0.0018 | 0.013 | 2692 | 2065 | 0.008 | 0.043 0.06
ER70S-6 W020929 | 0076 | 143 | 081 | 00112 | 0011 | 0025 | 0.015 | 0.010 | 0.003 0.006
ER312 WO014634 | 0.105 | 1.85 | 041 | 00006 | 0.021 | 30.31 | 9.15 | 0.010 | 0.151 0.11
ER312 WO011381 | 0.105 | 1.80 | 031 | 0.0005 | 0023 | 30.35 | 9.12 | 0010 | 0.087 0.20
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To provide with information about variability in these
experimental FN measurements, sample A22R (Creq/
Nieq= 1.30, [Creq+Nieq] = 40 %) as representative of
low ferrite samples and sample A731 (Creq/Nieq= 2.00,
I [Cr_+Ni_ ] =40 %) as representative of high ferrite sam-
T ples were considered. Table 3 shows the results obtained
when recording the average FN value and the standard
16,300 deviation in three specific cells of the central column
and also in each zone of the transversal cross-section
(Figure 4). In all these cases, the standard deviations of
the average values are lower than the feritscope toler-
12,00cm ances for the specific FN band, as stated above.

T 1.30em

In order to compare the results under a higher cooling rate,

%’2’3‘3 1,00cm the central cross-sections of 6 selected samples for their

m different solidification modes were additionally remelted,

as shown in Figure 5, using a conventional GTAW process

Figure 1 - Schematic illustration of the furnace with the following parameters: 60 A, 11 V and holding

51

r -

- e

Figure 3 - Transversal cross-section grid - ]
for 5-ferrite measurements Figure 5 — Macrograph showing the GTAW remelt

Table 3 — Average and standard deviation

Cell(R1,C6)  Cell (R3,C6)  Cell (R5,C6) S Souic] Upper transversal
transversal transversal

lower central upper ! . cross-section
cross-section cross-section

Sample

5 readings 5 readings 5 readings 60 readings 60 readings 60 readings

A22R 232 | 0098 | 1.10 | 0109 | 226 | 0.08 1.35 0.86 1.74 0.44 1.79 0.37
AT31 2756 | 087 | 3842 | 192 | 3094 | 147 | 2079 | 296 | 3685 | 299 | 31.04 212
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time 15 s, 8 I/min argon gas flow, 14 °C room tempera-
ture, 2 % thoriated tungsten diameter 2.4 mm. Twenty FN
measurements were taken in the remelted area and the
average FN value was calculated.

As has been previously referred, with the aim to check
possible variations in the chemical composition caused by
vaporization or by segregations during the melting pro-
cess, samples were analysed by using Optical Emission
Spectroscopy with a Spectrolab equipment. One analysis
per sample was conducted at the centre of the transversal
cross-section.

Table 4 — Average FN at the central zone:
series [Cr_+ Ni_1=40 %

Sample ref. e

Cr/Ni_,

|3 Results and discussion

The individual FN measurements taken on each square of
the 87 samples are available in a previous research docu-
ment by the current author [48]; however Tables 4 and 5
show the average FN value obtained at the central zone
of the transversal cross-section for each sample series.

Figure 6 illustrates the relationship between the average
FN and the Creq/Nieq ratio shown in Tables 4 and b. The
data are fitted using minimum squares according to a
second degree polynomial and the results are depicted
graphically on the same Figure 6 and numerically on

Table 5 — Average FN at the central zone:

(60 readings average) series [Cr_+ Ni_1=230 %
A18 1.92 0.00 =
A19 1.24 0.06 ;
A20 196 0.11 Sample ref. cre“/Nle“ (60 readings average)
A21 1.28 0.82 A36 1.22 0.00
A22R 1.30 1.74 A37 1.24 0.00
A23 1.31 227 A38 1.26 0.00
A24 1.32 3.14 A39 1.28 0.00
A25 1.34 3.88 A40R 1.30 0.00
A26 1.37 4.39 A41 1.31 0.00
A27 1.38 5.19 A42 1.33 0.00
A28R 1.40 573 A43 1.35 0.24
A29 1.492 592 Ad44 1.37 0.36
A30 1.43 6.80 A45 1.38 048
A31 1.44 718 A46R 1.40 0.96
A32 1.46 716 A4T 1.41 0.59
A33 1.48 8.04 A48 143 0.86
A34R 1.50 8.36 A49 1.45 0.89
A35 1.52 8.30 ABO 1.47 1.20
AB4AR 1.54 11.49 Ab1 1.48 0.86
ABBR 1.55 12.30 AB2R 1.50 2.57
ABBR 1.57 11.89 AB3 1.53 2.07
AB7R 1.59 14,03 AB31 1.55 4,35
AB8R 1.60 13.68 AB32 1.57 3.65
ABOR 1.62 13.40 AB33 1.59 4.41
A60 1.64 15.14 A74 1.61 3.80
A61 1.65 15.24 A75 1.63 424
AB2 1.67 16.04 A76 1.65 487
A63 1.68 16.38 AT7 1.68 6.51
Ab4 1.70 1757 A78 1.70 6.97
A65 1.72 18.17 A79 1.71 5.44
AB6R 1.73 19.33 A80R 1.73 720
ABTR 1.75 21.15 A81R 1.75 8.40
AB8R 1.76 23.92 A82R 1.77 8.81
ABIR 1.78 29.79 A83R 1.79 12.33
ATOR 1.79 23.71 A84R 1.81 9,01
A71R 1.81 23.65 A85 1.83 9.56
A711 1.83 26.04 A86 1.85 10.44
A712 1.85 24,77 A87 1.87 11.98
A713 1.87 25.45 A88 1.88 10.51
A714 1.89 2765 A89 1.90 12.37
A715 191 20.27 A90 1.92 1290
A716 1.93 30.81 A91 1.95 13.56
AT2R 1.95 34.88 A92 1.96 14.29
A73 1.97 31.43 A93 1.98 14.34
A731 2.00 36.85 A94 2.00 16.90




A MATHEMATICAL MODEL TO PREDICT &-FERRITE CONTENT IN AUSTENITIC STAINLESS STEEL WELD METALS

= 40% (Creg+Nieq) 5
e 30% (Creq+Nieq) Y =3.71771-33.25371 X+24.5492 X
40
1 | ]
35 "
1 N
30 a
4 =
4 bt
25 4 " pe n
20 4 &
] "
= [
W 45 -'
g e
1 o ® e ®
10 4 .‘ ® v -15.34341-36.968 X+18.35455 X°
] Ll e ®
-.'I ... L ]
5+ at 0, 050"
1 &
04 1 o eNeth
-5 T 1 T T T T T 1T
1.2 1.3 1.4 15 1.6 1.7 1.8 19 2.0 24
Creg/Nieq

Figure 6 - FN vs. Creq/ Nieq and polynomial regression

Table 6. Only those data with FN > O have been con-
sidered for mathematical fitting. It is clearly shown that
the experimental data and the second degree polynomial
functions are strongly correlated, as it is demonstrated by
the R-square values.

These results demonstrate that for every alloying level
[Creq+Nieq] there is a highly correlated polynomial function
to fit the experimental FN values and the Cr_/Ni_ ratio.
Therefore, these results lead to the conclusion that FN
depends on both variables: the alloying level [Cr_+Ni_]
and the Cr_/Ni_ ratio. Taking this point into consideration,
a general expression for the FN forecast in the austenitic
stainless steels under arc electric solidification conditions
is proposed herein.

Variables are defined according to Equation (2) and a
general expression is proposed considering the fact that
the relationship between variables FN and Cr_ /Ni_ is
described by a second degree polynomial function accord-
ing to Equation (3).

( FN=y

lCl'GQ_."I\'iéc_= ¥ )
Cregt+Nigg=1:2

( y =a+ bx+ cx?

?_being a=f(z),b=g(z),c=h(z) ©)

Boundary conditions are:

Table 6 — Resulting coefficients
for the second degree polynomial regression

Series a b (3 R-square
30 % 16.34 -36.97 18.35 0.97
40 % 3.72 -33.25 2455 0.99

y=a+b*+c*x? beingy=FNand x = Creq/Nieq

y >0 : the amounts of é-ferrite are enough to be detected
by the feritscope,

1.22 <x < 2.00 : austenitic stainless steels condition,

0.2 <z< 0.5 : austenitic stainless steels condition. -

The main problem lies in finding the functions f(z), g(z) and
h(z) that correlate the variation of the polynomial expres-
sion versus the variable z. As the coefficient values are
known for z= 0.3 (30 % series) and z= 0.4 (40 % series)
(see Table 6), a linear variation of the coefficients is ini-
tially assumed (see Equations 4, 5 and 6)

f@=a=a+pz 4)
g@=b=o'+pz )
h@=c=0o"+p"z ®)

Replacing the pair of known values (a, z) of Table 6 in
Equation (4), it leads to a determined 2-equation system
which can be solved and as a result, the 2 unknown val-
ues (o, B) are calculated. Repeating the same process
with the pair of known numbers (b, z) in Equation (5) and
(¢, 2) in Equation (6) it is possible to calculate the remain-
ing unknown values (o, B) and (", B”).

Equations (7-9) are the result of rewriting Equations (4-6)
but introducing the calculated coefficients obtained.

f(z) =a=54.22 - 126.96z ¢
g@=a=-4811+3714z 8)
h(z) =a=-0.23 + 61.95z 9)

Replacing the above mentioned expressions in the gen-
eral expression of Equation (3), it is possible to obtain y as
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a dependent function of the variables x and z, as it can be
seen in Equation (10).

y=5422- 12626z + (- 4811+ 3714z2) x +
(- 0.23+ 61.952) x2 (10)

Rewriting Equation (10) but using the physical variables,
the general function for predicting the FN in austenitic
stainless steels by means of its chemical composition is
expressed as Equation (11).

In order to validate the general expression obtained, the
WRC database [35] is used. It contains the chemical
composition and the FN experimental measurements of
923 different stainless steels, therefore, the Cr_ and Ni_
were calculated from the chemical composition provided
by the database and then the [Cr_+Ni_ ] and (Cr_/Ni_)
values were calculated for each sample and introduced in
the Equation (11) in order to obtain a predicted FN value.

Each predicted FN value was then compared with the
experimental FN provided by the database and the abso-
lute difference between both values is shown in Figure 7
for the complete set of data.

The statistical processing of the 923 results leads to con-
clude that the error or absolute difference follows a nor-
mal distribution where the expected error is + 2.47 FN
with a +/- 5,75 FN confidence interval for 68 % of cases.
Considering that the 923 data include all sort of stain-
less steels (martensitic, ferritic duplex and superausten-
itic), and not only the austenitics which are the aim of the
current research, it can be concluded that the dispersion
between the predicted FN by the Equation (11) and the
experimental FN stated by the WRC is acceptable.

However, as depicted in Figure 8, if the comparison is done
but only considering the 279 samples of the database
whose chemical compositions are within the range of the

. ST v o0
FN = 54.22 — 126.26(Creq + Nigg) + [—48.11 + 37.14 (Crg + N:Eq}]( "‘)

. s Cig\
+[-0.23 + 61.95(Crq + Nieq)](N—,eﬂ)
leq/

_Nieq

(an

Deviation FN model vs. WRC database

Number of samples

Absolute deviation (FN predicted - FN experimental database)

Figure 7 - Frequency histogram showing the absolute difference between the predicted FN
and the experimental FN (923 data)

Number of samples
L]
o

6

Deviation FN model (H&S) vs WRC database

30 + : E

20 = —

0 ——— - - = e S y i b o " 2 . . e
5 ' % @ @2 R T R T

Absolute deviation (FN predicted-FN experimental database)

-3

Figure 8 — Frequency histogram showing the absolute difference between the predicted FN and the experimental FN

(279 austenitic samples)
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austenitics [Cr: 19-27 %, Ni: 6.6-20 %, Mn: 1-2 %, C: 0.02-
0.08 %, Mo: 0-2 %, N < 0.15 %], then the statistical pro-
cessing confirms that the expected error is + 1.01 FN with
a +/- 1.06 FN interval confidence for 68 % of cases and
a +/- 212 FN interval confidence for a probability of
95 %. Therefore, the general expression provides for 95 %
of samples an error better than 1.01 FN +/- 2.12 FN.

This level of error given by the general expression has
been compared with DelLong Diagram'’s error and with
WRC-1988 Diagram'’s error [34, 35, 51]. As it is shown
in Figure 9, for the FN range between (0-18), DelLong’s
histogram is claimed to be centred in an error of +2 FN
with a +/-8 FN interval confidence, and for the same FN
range, the WRC-1988 is claimed to be centred in -1 FN
with a +/-4 FN for an interval confidence of 95 %. These
are higher errors than the obtained with the general
expression proposed here.

The author recognises that the proposed mathemati-
cal model is based on the measurements taken by one
single feritscope and on the chemical analysis of one
single laboratory, and that although these equipments are
properly calibrated, they could be subjected to a degree
of uncertainty compared to the results given by a different
equipment or laboratory. However, the fact that the math-
ematical model has been successfully contrasted with the
experimental values given by the WRC database, which
contains data from very different sources, it contributes to
validate the mathematical model proposed herein.

It is well known that nowadays the most accurate meth-
ods for the FN forecast in arc welding are the WRC-1992
Diagram and the FNN-1999 neural network, therefore, in
order to compare the accuracy and goodness between the
above mentioned methods and the general expression found
in this research, the chemical composition of 87 samples

30
n new
< diagram
e 20
-
Q
: —
g .
o Schaeffler Revised
i 10 diagram Schaeffler
O—.

-7-6-5-4-3-2-1 01234567

Error interval

“Revised Schaeffler” means DeLong Diagram and “new diagram” refers to WRC-1988.

Figure 9 - Histograms

of WRC-1988/DelLong/Schaeffler’'s diagrams [35]

prepared in this research were used as input data for the
three methods and results are depicted in Figure 10. The
dotted red line represents the ideal method, where the
experimental and the calculated FN values match. The rose
circles represent the correlation between the experimen-
tal FN and the predicted FN by the WRC-1992 diagram,
whilst the orange triangles refer to the FNN-1999 neural
network and the green squares represent the correlation of
the general expression proposed here. It is shown that the
WRC-1992 underestimates the FN value throughout all the
compositions range whilst the FNN-1999 makes an accu-
rate forecast for samples with FN < 10 and that similarly to
WRC-1992, the method also underestimates the values for
samples with FN >15. It is clear that the general expression
(Equation 11) provides better matching than WRC-1992
and FNN-1999 for these 87 samples.
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Figure 10 — Comparison between forecast methods: Genera
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In a previous research work by the current author [48], it
was determined by DAS (Dendrite Arm Spacing) that these
samples prepared using the electric arc furnace were
cooled at 10°C/s whilst the central area remelted using
conventional GTAW was cooled at 102-10° °C/s. Cooling
rates in the orders of magnitude between 10-10° °C/s
are considered typical for the arc welding processes [52-
54]. Table 7 shows the experimental FN measurements
taken in both cooling conditions and also the FN values
obtained using the general expression [Equation (11)]. It
is clearly shown that the general expression provides an
excellent forecast for the FN value under both cooling con-
ditions. The only case where the forecast differs from the
experimental measurements is in the specific case of the
sample with primary ferritic solidification mode [F], which
is more related to the duplex stainless steels than to the
austenitics. The cooling rate highly influences the pres-
ence of residual d-ferrite at room temperature in primary
ferritic modes [F] because high cooling rates limit the dif-
fusion and the solid state transformation & - v, therefore
it is logical to observe higher FN values at higher cooling
rates as long as the working conditions will be in the order
of magnitude of the arc electric cooling rates. However,
under extremely high cooling conditions (10%-107 °C/s)
usually related to Laser Beam Welding or Electron Beam
Welding, researchers found that those samples which
would present [F] solidification mode under arc welding
cooling rates, turn to present y-austenite as stable phase
at room temperature. Elmer et al. [53, 5], Anderson et
al. [56] and Inoue et al. [57] propose that samples with
ferritic primary solidification mode [F] under high cooling
conditions could experience & = 7y massive transforma-
tion, whilst other researchers [68] also explain the lack
of &-ferrite at room temperature by a shift from [F] to [A]
solidification mode caused by the dendrite tip undercool-
ing phenomenon.

A thorough mathematical development of Equation (11)
has been carried out in previous research work [48], and
other practical and additional results related to the design

of austenitic alloys have been proposed, for example it
is possible to know for whatever alloying level [Cr_+Ni_]
which would be the minimum Cr_/Ni_, ratio to detect
d-ferrite (see Equation (12)), or inversely for a fixed Creq/
Ni_, ratio, it would be possible to find the linear expression
which defines the FN value versus the alloying level.

In order to check any possible influence of the arc melting
process on the chemical composition of the samples, a
comparison has been established between the designed
compositions, which were calculated from the experi-
mental composition of the initial wires (see Table 2 and
Appendices 3 and 4), and the buttons’ compositions
which were determined by Optical Emission Spectroscopy
(see Appendices 5 and 6). One analysis per sample was
conducted at the centre of the transversal cross-section.

With this aim, a deviation ratio (¢) was defined as the
quotient between the experimental composition and
the designed composition. Therefore, elements with €
=1 indicate that there is no deviation between their ini-
tially designed composition and the experimental one in
the area analysed, whilst € >1 and & <1 indicate a local
increase or loss respectively. Figure 11 summarises the
results obtained.

The experimental values for nitrogen and oxygen obtained
by OES are abnormally high (Appendixes b and 6), giving
€ values up to 8, so they cannot be considered for any
further discussion and this also prevents the calculation
of experimental Ni_ values and their possible comparison
with the initially designed Ni_ values. When plotting the
nitrogen and oxygen deviations, it was found that both
elements present the same trend in the same samples,
and from metallographic inspection nor oxides nor nitrides
are observed in the samples, therefore, these facts seem
to indicate that the difference in dimensions between the
sample and the spectrometer fixture has allowed some
air to enter into the analysis chamber, giving these abnor-
mally high values for nitrogen and oxygen.

48.11-37.14 (Croo+Nigo )+ (22364.45-17125.40 (Cr o +Ni o |+32666.61(Creo+N

‘eqg/

122.90 (Croo+Ni.)-0.46

(12)

Table 7 — Predicted FN values vs. measured FN at different cooling rates

Avg. FN
Sample . . Solidif. Avg FN (.';TAW FN forecast furnace Feritscope
Cr_/Ni [Cr_+Ni_] Experim. . )
ref. ed’ " eq eq’ " eq Mode (Equation 11) Experim. error
V_=10%10%°C/s
[48] R V,=10°C/s
A39 1.28 30 % A 0.0 (-09) 0.0 +/-1
A42 1.33 30 % AF 0.01 (-0.4) 0.0 +/-1
A21 1.28 40 % AF/FA 0.6 14 0.8 +/-1
A74 1.61 30 % FA 3.7 44 38 +/-1
AB7R 1.59 40 % FA 128 129 14.0 +/-1
A94 2.00 30 % FA/F 20.4 158 16.9 +/-2
A731 2.00 40 % F 60.5 35.4 36.8 +/-5
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Figure 11 - Deviation ratios for the chemical composition of the samples

Regarding silicon, it does not have a specific weight in the
Hammar & Svensson's equivalents, but a local increase
was evident. By using SEM microscopy and EDS micro-
analysis, the current author [48] found clear evidences
of spherical particles of one micrometre diameter which
were mainly enriched in silicon and in minor contribution
included sulphur and traces of aluminium. From 2 to 3
particles were found in an area of 40 x 60 um. Therefore,
it seems very possible that OES analysis shows a local
increase in silicon due to this segregation phenomenon.

Carbon and manganese experience a loss during the melt-
ing process which has been previously related to vaporiza-
tion by some authors [569-62], however, considering the
relative weight that carbon and manganese have in the
calculation of the Hammar & Svensson'’s nickel equiva-
lent and considering also the low initial contents of these

elements, it is possible to demonstrate that a reduction of
13 % in carbon and of a 4 % in manganese do not influ-
ence on the initially designed value of nickel equivalent.

Chromium and nickel, which are the main responsible
elements for the 8-ferrite content and which have the most
important contribution to the calculation of the equivalents,
do not experience a significant variation in their chemical
composition (average e, = 1.00 and g, = 1.01) due to the 57
arc melting process. From the above mentioned results,
it is possible to conclude that the initially designed Cr_/
Ni_, ratios remain unchanged despite the melting process.

The currently developed mathematical model uses the
Hammar & Svensson’s equivalents. Below, the same
mathematical procedure was applied again, but this
time using three different equivalents as input data and
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Figure 12 - FN vs. Cr_/Ni,_ (WRC)
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consequently obtaining three new mathematical expres-
sions. Therefore, firstly experimental FN vs. each different
Cr, X/Ni_ X were plotted and second degree polynomial
fit were interpolated, secondly the general second degree
polynomial function was calculated and finally, the general
function obtained was validated by comparison between
the predicted FN and the WRC experimental database.

The equivalents used as input data were: the current
WRC equivalents [36], the chromium and nickel values
obtained from OES analysis of the samples and finally,
the chromium and nickel values designed from weight
combination of the initial wires. Figures 12, 13 and 14
illustrate the relationship between the experimental FN
values and the above mentioned equivalent ratios. As

Figure 13 - FN vs. Cr/Ni (OES)
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Table 8 — Error comparison with different models

Expected error

Confidence interval Confidence interval

Equivalents (Average error) for a probability of 68 % for a probability of 95 %
WRC 245FN +/- 1.00 FN +/-2.00 FN
OES Cr, Ni -1.29 FN +/- 238 FN +/- 4776 FN
Designed Cr, Ni -1.96 FN +/- 307 FN +/-6.14 FN
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depicted, data were fitted using minimum squares to sec-
ond degree polynomial functions and similarly to Figure 6
with Hammar and Svensson'’s equivalents, a strong cor-
relation (R-square) was found in all the cases, indepen-
dently of the equivalents used.

It is worthy to note that the best correlations are found
when using Hammar and Svensson's and WRC equiva-
lents, even with the same R-square values. Therefore,
as it was foreseeable, the use of equivalents rather than
only Cr and Ni compositions confirms the influence of the
alloying elements —ferrite promoters and austenite pro-
moters- on the FN values.

The general second degree polynomial functions found
for each of the three above mentioned cases are Equation
(13) for WRC equivalents, Equation (14) for OES (Cr, Ni)
compositions and Equation (15) for designed (Cr, Ni)
compositions.

FN = 94.41 — 216.85(Croq + Nisg) + [-104.80 + 157.30
FN = —23.72 +48.72(Cr + + [30.84 — 108. Cr +
FN = —19.26 +47.09(Cr + Ni) + [26.40 —109.10 (Cr + Ni)] (

" ¥ Conclusion

It has been found that the 3-ferrite content (expressed as
FN) versus the Cr, /Nieq ratio can be mathematically fitted
by a highly correlated second degree polynomial for each
constant alloying level [Cr_ +Ni_J:

FN=16.34 - 36.97(Cr, /Ni,) + 1835(Cr, /Ni_ )’
for [Creq+Nieq] =30 %

FN=3.72 - 38325(Cr, /Ni,) + 24.55(Cr,/Ni )?
for [Creq+Nieq] =40 %

Based on these results, a general expression has been
developed in order to propose a new tool to forecast the
level of &-ferrite in the austenitic stainless steels (from
FN = O up to FN = 37) under arc electric solidification
conditions (cooling rates from 10°C/s up to 10° °C/s),
just by using the chemical composition as input data.

FN = 54.22 — 126.26(Cryq + Nigg ) +
. . . y1fCleg )
[—48.11 + 37.14 (Croq + Nigo )] | —— |
] \ Nigg /
.1/ Cr \>
+[-0.23 + 61.95(Cr, + Ni )| V—*" |
NN

Being Cr,, and Ni_ Hammar & Svensson'’s equivalents.

In order to validate these expressions, the predicted
FN values were compared against the 279 austen-
itic samples of the WRC experimental database [35].
Results are summarised in Table 8 and from the three
different equivalents evaluated, it seems clear that the
model with the WRC ones presents the best ones with
the lowest confidence interval. However, as it was noted
previously, the currently developed model with Hammar
and Svensson's equivalents has an expected error
of +1.01 FN, a +/-1.06 FN interval confidence for
68 % cases and a +/- 2.12 FN interval confidence
for 95 % cases. When comparing it with the model
obtained with WRC equivalents, it is clear that there is
no significant difference in terms of confidence intervals,
but there is a higher expected error (+2.45 FN) in the
model with WRC equivalents. Therefore, it could be con-
cluded that the mathematical expression with Hammar
and Svensson'’s equivalents results in the lower error for
FN prediction.

1 :I + [L—-.ﬁ_i +32.42(Cr,q + Nigg | ' 2 (3
+[-15.79 +67.20(Cr + )] (S) (14)
I_ + [=13.97 + 65.06(Cr + Ni)] ___ .

It has been demonstrated that the expression gives a
forecasted FN value which could differ from the experi-
mental value between -1.11 and +3.13 with 95 % confi-
dence interval. This is an excellent level of error taking into
consideration that other highly recognised methods like
Delong Diagram claimed to present an error of +/-8 FN
or WRC-1988 Diagram which claimed to present a devia-
tion of +/-4 FN for the same confidence level. On the
other hand, the FN values predicted by the expression
found in this research present less deviation than the pre-
dictions made for the same samples using the currently
international methods WRC-1992 Diagram and FNN-
1999 neural network, and moreover its use only needs
the input of the Cr_ and the Ni_ in the general expression,
which is simpler than using a diagram or running a neural
network in a computer.

It has been found that the model with Hammar and
Svensson's equivalents results in the lower error for FN
predictions in comparison with WRC equivalents and in
comparison with equivalents considering only Cr and Ni
compositions (even if they are designed compositions or
determined by OES). It is also worthy to notice that FN
versus Cr_/Ni_ follows second degree polynomial func-
tions for a constant level of alloy [Creq+Nieq] independently
from the equivalents used.

The mathematical processing of the general expression
has led to find other mathematical expressions of interest
in the austenitic stainless steel design, for example in the
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cryogenic field where 8-ferrite needs to be carefully con-
trolled. Therefore, it is possible to calculate the chemical
composition boundaries for base materials and welding
consumables in order to achieve low levels of d-ferrite.

The general expression proposed in this work also pro-
vides an excellent forecast for FN in austenitic stainless
steels in the range of cooling rates of 10%-102 °C/s. The
only case where the forecast differs from the experimen-
tal measurements is in the specific case of the sample
with primary ferritic solidification mode [F], which is
more related to the duplex stainless steels than to the
austenitics.
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Appendix 1

A MATHEMATICAL MODEL TO PREDICT &-FERRITE CONTENT IN AUSTENITIC STAINLESS STEEL WELD METALS

Calculated samples series [Cr, +Ni_]=40 %

ER70S-6 Sample weight
[q] [9%] [q] fol
1.22 40.49 61.97 3099 20.20 10.10 (@) 1783 892 50.01
1.24 4052 60.41 30.20 22.00 11.00 (@) 1759 8.79 49.99
1.26 40.53 58.71 29.36 23.98 11.99 (@) 1731 8.66 50.01
1.28 40.58 5701 28.50 26.01 13.00 (a) 16.98 849 4999
1.30 4004 55.70 2785 26.70 13.35 (b) 1760 880 50.00
1.31 40.58 54.01 26.99 29.40 14.69 (@) 16.59 829 4997
1.32 40.58 52.59 26.29 3099 15.49 (@) 16.42 821 4999
1.34 40.62 51.00 25.50 3290 16.45 (@) 16.10 8.05 50.00
1.37 40.65 49,02 2450 35.19 1759 (@ 15.79 789 4998
1.38 40.61 4770 23.85 36.60 18.30 (@) 15.70 785 50.00
1.40 40.01 48.00 24.00 35.60 1775 (b) 16.50 825 50.00
1.42 40.67 4479 22.39 40.03 20.01 (@) 15.18 759 4999
1.43 40.68 4350 21.75 4150 20.75 (@) 15.00 750 50.00
1.44 40.66 4250 21.25 42,60 21.30 (@) 1490 745 50.00
1.46 40.67 41.10 20.56 4418 22.10 (@) 14.72 736 50.02
1.48 40.71 39.50 19.74 46.10 23.04 (@) 14.40 720 4998
1.50 40.02 41,00 20.50 43.60 21.80 (b) 15.40 7.70 50.00
1.62 40.71 36.49 18.25 49.49 24.75 (@) 14.02 701 50.01
1.64 40.00 38.00 19.00 4700 2350 (b) 15.00 750 50.00
1.65 40.01 3750 18.75 4760 23.80 (b) 1490 7.45 50.00
1.67 40.03 36.50 18.25 4880 24.40 (b) 14.70 7.35 50.00
1.69 40.02 35.00 1750 50.50 25.25 (b) 14.50 725 50.00
1.60 4004 34.60 1730 51.00 25.50 (b) 14.40 720 50.00
1.62 40.00 33.30 16.65 5240 26.20 (b) 14.30 715 50.00
1.64 40.81 28.20 14.10 59.10 29.55 (@ 12.70 6.35 50.00
1.65 40.77 2700 1351 60.38 30.21 (@) 12.62 6.31 50.03
1.67 40.80 25.99 13.00 61.59 30.80 (@ 12.42 6.21 50.01
1.68 4081 25.03 1251 62.69 31.34 (@) 12.28 6.14 4999
1.70 40.82 23.99 12.00 63.89 31.95 (@) 1212 6.06 50.01
1.72 4081 22.99 11.50 64.99 3250 (@) 12.02 6.01 50.01
1.73 40.02 26.40 13.20 60.40 30.20 (b) 13.20 6.60 50.00
1.75 40.02 25.10 12.65 61.90 30.95 (b) 13.00 6.50 50.00
1.76 40.00 2480 1240 62.20 31.10 (b) 13.00 6.50 50.00
1.78 40.00 23.50 11.75 63.70 31.85 (b) 12.80 6.40 50.00
1.79 40.01 23.00 1150 64.30 32,15 (b) 12.70 6.35 50.00
1.81 40.00 22.10 11.05 65.30 3265 (b) 12.60 6.30 50.00
1.83 40.01 21.00 10.50 66.60 33.30 (b) 1240 6.20 50.00
1.85 40.03 20.00 10.00 67.80 3390 (b) 12.20 6.10 50.00
1.87 40.00 1890 9.45 69.00 34.50 (b) 12.10 6.05 50.00
1.89 40.02 1790 8.95 70.20 35.10 (b) 11.90 595 50.00
1.91 40.00 16.90 845 71.30 35.65 (b) 11.80 590 50.00
1.93 40.02 15.90 795 72.50 36.25 (b) 11.60 5.80 50.00
1.95 40.02 1450 725 74.10 3705 (b) 11.40 5.70 50.00
1.97 40.44 14.00 700 75.70 3785 (b) 10.30 515 50.00
2.00 40.02 12.00 6.00 7700 3850 (b) 11.00 550 50.00
(a) Lot WO14634 and (b) lot WO11381. Different lots of ER312 wire.
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Appendix 2

Calculated samples series [Creq+Nieq] =30%

et Cf?;);‘“eq 310594 312594 ER70S-6 Sam,,,[:] ;Ne,ght
[%] [g] [g] [%] [g]
1922 30.34 41.71 20.86 10.18 959 (@) | 39.11 19.56 5001
124 30.35 40.20 20.10 20.90 1045 () | 3890 19.45 50.00
126 30.38 39.09 1955 22,22 1111 () | 3869 19.35 5001
128 30.37 3749 18.74 24,00 1200 () | 3851 19.25 4999
1.30 3001 3800 19.00 23,00 1150  (b) | 39.00 19.50 50.00
131 30.39 35.69 1785 26.10 1305 () | 3821 19.11 5001
133 30.40 34.29 1714 2770 1385 () | 3801 19.00 49.99
1.35 30.42 3301 1651 29.19 1460 (2) | 3780 1891 50.02
1.37 3041 3201 1601 3031 1616  (a) | 3768 18.85 50.02
138 30.40 31.19 16.60 31.19 1660 () | 3762 18.81 5001
1.40 30.04 3190 15.95 30.10 1505  (b) | 3800 19.00 50.00
141 30.46 29,11 1455 3369 1684 (@) | 3720 1859 49.98
143 3044 27992 1396 34.98 1749 (a) | 3710 1855 50.00
145 30.48 2712 1356 3599 1800 () | 3689 18.45 5001
1.47 30.47 26.00 13.00 3722 1861 () | 3678 18.39 50.00
148 30.49 25,02 1251 38.39 1919 () | 3659 18.29 49.99
150 30.00 26.70 13.35 36.00 1800  (b) | 3730 18,65 50.00
153 30.47 22,50 11.25 41.19 2059  (a) | 3631 18.15 49.99
156 30.00 24,00 12,00 39.10 1955  (b) | 3690 18.45 50.00
157 30.00 22.80 11.40 4050 2025  (b) | 3670 18.35 50.00
159 3004 22.10 11.05 41.40 2070 (b)) | 3650 18.25 50.00
161 3023 21.20 10.60 4290 2145  (b) | 3590 1795 50.00
163 30.25 20.20 10.10 4410 2205  (b) | 3570 1785 50.00
165 30.23 19.19 960 4520 2061  (b) | 3561 1781 50.02
168 30.25 18.19 9.10 46.40 2321  (b) | 3541 1771 50.02
1.70 3024 1730 865 4740 2370  (b) | 3530 1765 50.00
171 3024 16.80 840 4799 2400  (b) | 3521 1761 5001
173 3001 16.70 785 48.70 2435  (b) | 3560 1780 50.00
175 30,03 14.70 7.35 49.90 2495  (b) | 3540 1770 50.00
1.77 30.02 1390 695 50.80 2540  (b) | 35.30 1765 50.00
179 3001 13.00 650 51.80 2590  (b) | 3520 1760 50.00
181 3001 12.30 6.15 52,60 2630  (b) | 35.10 1755 50.00
183 30.25 11.60 5.80 54.00 2700  (b) | 3440 1720 50.00
1.85 30.25 10.90 5.45 54.80 2740  (b) | 3430 1715 50.00
1.87 30.28 10.00 5.00 55.90 2795  (b) | 34.10 1705 50.00
1.88 30.25 950 475 56.40 2820  (b) | 3410 1705 50.00
190 30.28 870 436 57.40 2870  (b) | 3390 16.95 50.00
192 30.27 790 395 58.30 2015  (b) | 3380 16.90 50.00
195 30.25 700 350 59.29 2065  (b) | 3371 16.86 5001
196 30.26 6.40 320 60.00 3000 (b)) | 3360 16.80 50.00
198 30.26 580 290 60.70 3035 (b) | 3350 16.75 50.00
2.00 30.00 5.00 250 61.00 3050  (b) | 34.00 1700 50.00
(a) Lot WO14634 and (b) Lot WO11381. Different lots of ER312 wire.
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Appendix 3

Calculated chemical composition for [Creq+Nieq] =40 % series [wt. %]

Mn Si S P Cr Ni N
A18 0.102 1.68 0.44 0.0032 | 0.014 22.19 14.65 0.058 0.009 0.06 1.22
A19 0.102 1.69 0.44 0.0032 | 0.014 22.33 14.49 0.060 0.009 0.06 1.24
A20 0.102 1.69 0.44 0.0031 | 0.015 22.49 14.32 0.062 0.009 0.06 1.26
A21 0.102 1.69 0.44 0.0031 | 0.015 22.66 14.15 0.064 0.009 0.06 1.28
A22R 0.102 1.68 0.41 0.0031 | 0.015 2255 1394 0.048 0.009 0.09 1.30
A23 0.102 1.70 0.44 0.0030 | 0.015 2291 1385 0.068 0.009 0.07 1.31
A24 0.102 1.70 0.44 0.0030 | 0.015 23.03 13.70 0.070 0.009 0.07 1.32
A25 0.102 1.71 0.44 0.0029 | 0.015 23.20 13.54 0.072 0.009 0.07 1.34
A26 0.102 1.71 0.44 0.0029 | 0.015 23.38 13.35 0.075 0.009 0.07 1.37
A27 0.102 1.71 0.44 0.0028 | 0.016 23.46 13.20 0.076 0.009 0.07 1.38
A28R 0.102 1.69 0.41 0.0029 | 0.016 23.22 13.15 0.052 0.009 0.10 1.40
A29 0.102 1.72 0.44 0.0027 | 0.016 23.75 12.91 0.080 0.009 0.07 1.42
A30 0.102 1.72 0.44 0.0027 | 0.016 23.86 12.78 0.082 0.009 0.07 1.43
A31 0.102 1.72 0.44 0.0027 | 0.016 2393 12.68 0.083 0.009 0.07 1.44

A32 0.102 1.73 0.44 0.0027 | 0.016 24,05 12,53 0.085 0.009 0.07 1.46
A33 0.102 1.73 0.44 0.0026 | 0.016 24.21 12.38 0.087 0.009 0.08 1.48

A34R 0.102 1.70 0.40 0.0027 | 0017 23.86 12.45 0.056 0.009 0.11 1.60
A35 0.102 1.74 0.44 0.0025 | 0.017 24.46 12.07 0.091 0.009 0.08 1.62
AB4R 0.102 1.71 0.40 0.0026 | 0.017 2412 12.14 0.058 0.009 0.12 1.54
ABBR 0.102 1.71 0.40 0.0026 | 0.017 2417 12.09 0.058 0.009 0.12 1.55
ABBR 0.102 1.71 0.39 0.0025 | 0.018 24.28 11.99 0.059 0.009 0.12 1.57
AB7R 0.102 1.71 0.39 0.0025 | 0.018 24.40 1184 0.059 0.009 0.12 1.69
AB8R 0.102 1.71 0.39 0.0025 | 0.018 24.45 11.80 0.060 0.009 0.12 1.60
ABOR 0.102 1.71 0.39 0.0025 | 0.018 2454 11.66 0.060 0.009 013 1.62
AB0 0.102 1.75 0.44 0.0023 | 0.017 25.23 11.23 0.102 0.009 0.08 1.64
AB1 0.102 1.76 0.44 0.0023 | 0.018 25.30 11.10 0.103 0.009 0.08 1.65

AB2 0.102 1.76 0.44 0.0022 | 0.018 25.41 11.01 0.105 0.009 0.08 1.67
AB3 0.102 1.76 0.44 0.0022 | 0.018 25.49 10.91 0.106 0.009 0.08 1.68

AB4 0.102 1.76 0.44 0.0022 | 0.018 25,59 10.80 0.107 0.010 0.09 1.70
ABD 0.102 1.77 0.44 0.0021 | 0.018 25.66 10.70 0.108 0.010 0.09 1.72
AB6R 0.102 1.72 0.38 0.0023 | 0.019 25.18 10.96 0.064 0.009 0.14 1.73
ABTR 0.102 1.73 0.38 0.0022 | 0.019 25.30 10.83 0.065 0.009 0.14 1.75
AB8R 0.102 1.73 0.38 0.0022 | 0.019 25.31 10.80 0.065 0010 0.14 1.76
ABOR 0.102 1.73 0.38 0.0022 | 0.019 25.43 10.66 0.066 0010 0.14 1.78
AT0R 0.102 1.73 0.38 0.0022 | 0.019 26.48 10.62 0.066 0.010 0.14 1.79
ATIR 0.102 1.73 0.38 0.0021 | 0.019 256,55 10.52 0.067 0.010 0.14 1.81
AT 0.102 1.73 0.38 0.0021 | 0.019 25.66 10.41 0.067 0.010 0.15 1.83
AT12 0.102 1.73 0.38 0.0021 | 0.020 25.76 10.32 0.068 0.010 0.15 1.85
AT713 0.102 1.74 0.38 0.0020 | 0.020 26.84 10.20 0.069 0.010 0.15 1.87
AT14 0.102 1.74 0.37 0.0020 | 0.020 25.95 10.10 0.069 0.010 0.15 1.89
AT15 0.102 1.74 0.37 0.0020 | 0.020 26.02 9.99 0.070 0.010 0.15 1.91
AT16 0.102 1.74 0.37 0.0019 | 0.020 26.13 9.90 0.070 0.010 0.16 1.93
AT2R 0.102 1.74 0.37 0.0019 | 0.020 26.25 9.75 0.071 0.010 0.16 1.95
AT3 0.102 1.75 0.37 0.0018 | 0.020 26.61 9.80 0.072 0.010 0.16 1.97
AT731 0.102 1.75 0.37 0.0018 | 0.020 26.48 9.50 0.072 0.010 0.16 2.00
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Appendix 4

Calculated chemical composition for [Creq+Nieq] = 30 % series [wt. %]

Mn Si S P Cr Ni N
A36 0.095 1.62 0.64 0.0052 | 0014 16.63 10.37 0.048 0.009 0.05 1.22
A37 0.095 1.63 0.64 0.0052 | 0014 16.76 10.22 0.050 0.009 0.05 1.24
A38 0.095 1.63 0.64 0.0052 | 0014 16.88 10.11 0.062 0.009 0.05 1.26
A39 0.095 1.63 0.64 0.0051 | 0.014 1700 9.94 0.054 0.009 0.05 1.28
A40R 0.095 1.62 062 0.0052 | 0015 16.84 9.95 0.038 0.009 0.07 1.30
A4l 0.095 1.64 0.64 0.0051 | 0014 1717 9.76 0.056 0.009 0.05 1.31
A42 0.095 1.64 0.64 0.0050 | 0.014 1729 9.62 0.058 0.009 0.05 1.33
A43 0.095 1.64 0.64 0.0050 | 0.015 1741 9.49 0.059 0.009 0.05 1.35
Ad4 0.095 1.64 0.64 0.0050 | 0.015 1749 9.39 0.061 0.009 0.05 1.37
A4b 0.095 1.65 0.64 0.0050 | 0.015 17565 9.30 0.062 0.009 0.06 1.38
A46R 0.095 1.63 0.51 0.0050 | 0.015 1741 9.34 0.041 0.009 0.08 1.40
A47 0.095 1.65 0.54 00049 | 0015 1777 9.10 0.065 0.009 0.06 1.41
A48 0.095 1.65 0.54 0.0049 | 0015 1785 897 0.066 0.009 0.06 1.43
A49 0.095 1.65 0.54 0.0048 | 0015 1795 890 0.067 0.009 0.06 1.45
ABO 0.095 1.66 0.64 0.0048 | 0015 18.03 8.78 0.068 0.009 0.06 1.47
Ab1 0.095 1.66 0.64 0.0048 | 0015 18.13 8.69 0.070 0.009 0.06 1.48
AB2R 0.095 1.64 060 0.0048 | 0.016 1786 8.80 0.044 0.009 0.09 1.60
AB3 0.095 1.66 0.64 0.0047 | 0.016 18.33 8.42 0.073 0.010 0.06 1.563
AB31 0.095 1.64 0.60 0.0048 | 0.016 18.10 8563 0.045 0.010 0.09 1.656
AB32 0.095 1.64 0560 0.0047 | 0.016 18.21 8.41 0.046 0.010 0.10 1.67
AbB33 0.095 1.64 0560 0.0047 | 0.016 18.30 834 0.047 0.010 0.10 1.69
AT4 0.095 1.65 0.60 0.0046 | 0017 18,52 8.30 0.048 0.010 0.10 1.61
AT5 0.095 1.65 0.49 0.0046 | 0017 18.63 8.20 0.048 0.010 0.10 1.63
AT6 0.095 1.65 0.49 0.0046 | 0017 18.70 8.09 0.049 0.010 0.10 1.65
ATT 0.095 1.65 0.49 0.0045 | 0.017 18.81 799 0.049 0.010 0.11 1.68
AT8 0.095 1.65 0.49 0.0045 | 0.017 18.88 790 0.050 0.010 0.11 1.70
AT9 0.095 1.65 0.49 0.0045 | 0.017 18.93 785 0.050 0.010 0.11 1.71
ABOR 0.095 1.65 0.49 0.0045 | 0017 18.86 769 0.050 0.010 011 1.73
AB1R 0.095 1.65 0.49 0.0045 | 0.017 18.96 759 0.051 0.010 011 1.75
AB2R 0.095 1.66 0.49 0.0045 | 0.017 19.03 751 0.051 0.010 0.1 1.77
A83R 0.095 1.66 0.49 0.0044 | 0017 19.10 741 0.052 0.010 (ORI 1.79
AB4R 0.095 1.66 0.49 0.0044 | 0018 19.16 734 0.052 0.010 0.1 1.81
A8bB 0.095 1.66 0.49 0.0043 | 0018 19.40 733 0.063 0.010 0.12 1.83
A86 0.095 1.66 0.48 00043 | 0018 19.47 725 0.053 0.010 0.12 1.85
A87 0.095 1.66 0.48 0.0043 | 0.018 19.67 717 0.054 0.010 0.12 1.87
A88 0.095 1.66 0.48 0.0043 | 0.018 19.59 711 0.054 0.010 0.12 1.88
A89 0.095 1.67 0.48 0.0042 | 0018 19.68 704 0.055 0.010 0.12 1.90
A90 0.095 1.67 0.48 0.0042 | 0018 19.75 6.95 0.055 0.010 0.12 1.92
A91 0.095 1.67 0.48 0.0042 | 0.018 19.82 6.86 0.056 0.010 0.12 1.95
A92 0.095 1.67 0.48 0.0042 | 0018 19.88 6.80 0.056 0.010 0.13 1.96
A93 0.095 1.67 0.48 0.0042 | 0.018 19.93 6.74 0.056 0.010 0.13 1.98
A94 0.095 1.67 0.48 0.0042 | 0.018 19.82 6.60 0.056 0.010 0.13 2.00
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Appendix 5

Experimental chemical composition of [Cr_+Ni_]= 40 % series (OES determination) [wt. %]

Sample C Mn Si S P Cr Ni N** o Mo
A18 00776 | 1693 0.4853 | 00080 | 0.0160 21.97 14.85 0.1748 0.0231 0.0755
A19 0.0805 | 1.607 0.4810 | 0.0055 | 0.0138 22.16 14.66 0.0629 0.0016 0.0769
A20 0.0863 | 1.600 0.4871 0.0051 0.0140 22.16 14.56 0.0522 0.0364 0.0783
A21 00945 | 1.616 | 0.4891 0.0050 | 00138 22.23 14.39 0.0496 0.0377 0.0790

A22R 0.0871 1598 | 04946 | 0.0051 0.0169 22.60 14.16 02543 | >0.0660 | 0.1030

A23 0.1005 | 1.622 056070 | 0.0044 | 0.0136 22.46 1417 0.0537 0.0295 0.0812
A24 0.0857 | 1.605 0.4919 | 0.0052 | 0.0145 22.63 1392 0.0517 0.0136 0.0818
A25 0.0830 | 1.624 0.4907 | 00047 | 0.0135 22.79 13.76 0.1461 0.0278 0.0827
A26 0.0968 | 1.612 05080 | 0.0047 | 00142 2297 13.62 0.0516 0.0355 0.0847

A27 0.0820 | 1.639 0.4879 | 0.0061 0.01565 23.16 13.30 0.1050 0.0191 0.0837
A28R | 0.0881 1.626 0.4841 0.0046 | 0.0170 23.27 13.37 02219 | >0.0660 | 0.1129
A29 0.0865 | 1.647 04923 | 0.0065 | 00150 23.24 13.07 0.1248 0.0205 0.0852
A30 00823 | 1.642 04778 | 00058 | 0.01568 23.65 12.84 0.1143 0.0178 0.0860
A31 00876 | 1.652 0.4849 | 0.0063 | 00154 23.63 12.80 0.0812 0.0057 0.0881
A32 0.0862 | 1.658 0.4850 | 0.0054 | 0.0149 2381 12,60 0.1342 0.0248 0.0875
A33 0.0911 1.661 0.4980 | 0.0042 | 0.0147 23.83 12.55 0.0607 0.0391 0.0900
A34R | 0.0861 1.644 0.4755 | 0.0043 | 00182 2377 12.75 0.1244 0.0630 0.1239
A35 0.0909 | 1.661 056000 | 0.0043 | 001561 24.06 12.26 0.0736 0.0209 0.0921
AB4R 0.0874 1.652 04662 | 00039 | 00179 24.15 12.30 0.0410 00129 0.1294

ABBR | 0.0905 | 1.620 0.4165 | 00055 | 0.0192 24.06 12.01 >0.4800 | 0.0581 0.1291
ABBR 0.0884 | 1.632 0.4241 0.0054 | 0.0201 24.19 12.15 0.1445 0.0068 0.1312
ABTR 0.0845 | 1.608 04129 | 00054 | 00191 24.26 1168 | >0.4800 | 0.0617 0.1318
AB8R | 00863 | 1.630 0.4157 | 0.0051 0.0197 24.33 11.86 0.3562 0.0421 0.1336
ABOR | 0.0925 | 1.642 0.4222 | 0.0050 | 00197 24.41 11.81 0.2328 0.0294 0.1362
AB0 0.1233 | 1.726 0.4705 | 0.0043 | 0.01567 2494 11.22 0.0802 0.0280 0.0952

AB1 0.1411 1.721 0.4698 | 0.0034 | 0.0149 25.41 11.11 0.0737 0.0165 0.0937
AB2 0.1429 1.713 0.4751 00034 | 0.0154 256.30 11.02 0.0761 0.0329 0.0962
AB3 01111 1.695 0.4533 | 00049 | 00172 25.73 10.70 0.1625 0.0199 0.0962
AB4 00826 | 1.708 0.4741 0.0048 | 0.0173 25.70 10.79 0.1232 0.0142 0.0971
ABD 0.0836 | 1.703 04711 0.0056 | 0.0180 25.83 10.64 0.1151 - 0.0969

ABBR | 00897 | 1.644 04145 | 0.0048 | 0.0208 2498 11.13 02867 0.0331 0.1473
AB7R | 00894 | 1.642 0.4124 | 0.0051 0.0210 26.19 10.92 0.3836 0.0387 0.1497
AB8R | 00893 | 1.603 04125 | 00053 | 0.0216 256.09 10.93 02733 0.0135 0.1504
ABOR | 00937 | 1.654 04195 | 00043 | 0.0202 25.17 10.82 0.1072 0.0047 0.1524

AT0R 0.0866 | 1.630 | 04063 | 00049 | 00212 26.29 10.66 0.4100 0.0443 0.1530
A7IR | 00910 | 1.653 04127 | 00049 | 0.0219 256.25 10.67 01212 | <0.0010 | 0.1530
AT11 0.0925 | 1.657 0.4167 | 00046 | 0.0216 25.33 10.56 01719 0.0193 0.1548

AT12 00942 | 1.666 0.4187 | 0.0047 | 0.0221 25.36 10.55 0.1282 0.0078 0.1579
A713 0.0900 | 1660 | 04052 | 00047 | 0.0219 25,56 1029 | >0.4800 | 0.0595 0.1581
A714 0.0921 1.657 04125 | 00049 | 0.0221 25.43 10.17 0.2909 0.0357 0.1595
A715 0.0889 | 1.656 04024 | 00047 | 00214 25.65 10.08 0.3074 0.0276 0.1609
A716 00915 | 1.658 04017 | 0.0049 | 00217 25.45 9.77 0.3370 0.0303 0.1616
AT2R 0.0897 | 1.656 04017 | 0.0045 | 00224 26.00 9.79 0.1927 0.0128 0.1671

AT73 00828 | 1.688 03974 | 00033 | 0.0206 26.72 9.81 0.0940 0.0048 0.1698
AT31 00923 | 1.651 03936 | 00043 | 0.0221 26.27 9.46 0.3659 0.0418 0.1701

** Abnormal values. See text for explanation.
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Appendix 6

Experimental chemical composition of [Creq+Nieq] = 30 % series (OES determination) [wt. %]

Sample C Mn Si S P Cr Ni N** o Mo
A36 0.0831 1.579 0580 | 0.0094 | 0.0148 | 16,50 10.55 0.0714 0.0465 0.0598
A37 0.0844 1.689 0576 | 0.0080 | 00133 | 16.71 10.38 0.1498 0.0596 0.05697
A38 0.0881 1.694 05685 | 00075 | 0.0129 | 16.73 10.31 0.1068 0.0615 0.0620
A39 0.0866 1.698 05684 | 00080 | 0.0142 | 1695 10.15 0.1098 0.0661 0.0623

A40R 0.0933 1.663 0.615 | 0.0078 | 0.0160 | 16.67 10.25 0.1359 >0.2400 0.0845
A4 0.0945 1.694 0690 | 0.0060 | 00122 | 1698 10.05 0.0411 0.0479 0.0635
A42 0.0884 1.607 0579 | 0.0073 | 0.0131 1712 9.80 0.1147 0.0551 0.0714
A43 0.0816 1.611 05649 | 00052 | 00110 | 1733 9.57 0.0772 0.0100 0.0603
Ad4 0.0878 1.686 05660 | 0.0059 | 0.0123 | 1736 9.43 0.0639 0.0020 0.0616
A4b 0.0875 1.672 0658 | 00068 | 0.0132 | 1746 9.34 0.1161 <0.0010 0.0624

A46R 0.0891 1.685 0690 | 0.0061 | 00168 | 1735 9.60 0.2974 0.1623 0.0923
A47 0.0893 1.697 0560 | 00057 | 00124 | 1771 9.16 0.1289 0.0024 0.0649
A48 0.0783 1.698 0.561 0.0057 | 0.0128 | 1773 9.06 0.0644 <0.0010 0.0635
A49 0.0805 1.592 0552 | 00063 | 00138 | 1791 8.89 0.0856 <0.0010 0.0641
ABO 0.08565 1.592 05662 | 00065 | 0.0133 | 1795 8.77 02242 0.0072 0.0652
Ab1 0.0821 1.698 0653 | 00064 | 0.0141 18.07 8.65 0.0910 <0.0010 0.0650

AB2R 0.0872 1.602 0596 | 0.0054 | 0.0161 1778 9.19 0.0928 0.0925 0.1005
AB3 0.0838 1.602 0561 | 00061 | 0.0140 | 1823 8.49 0.0581 <0.0010 0.0669
AB31 0.0789 1.607 0586 | 0.0048 | 0.0166 | 1831 8.80 0.0531 0.0518 0.1034
AB32 0.0850 1616 0588 | 0.0054 | 0.0168 | 1833 8.61 0.1612 0.0638 0.1053
AB33 0.0843 1.609 05683 | 0.0050 | 0.0167 | 1854 8.65 0.0694 0.0264 0.1070
AT4 0.1393 1613 0529 | 00060 | 0.0165 | 1893 8.48 0.0594 0.0346 01116
AT5 0.0757 1.613 0510 | 00065 | 0.0175 | 19.156 827 0.0786 0.0108 0.1107
AT6 0.0786 1.614 05608 | 0.0058 | 0.0162 | 19.19 8.11 0.0571 0.0061 0.1126
ATT 0.0822 1.612 0523 | 00063 | 0.0162 | 19.30 817 0.0811 0.0258 0.1166
AT8 0.0740 1.617 05607 | 00065 | 00174 | 1949 798 0.1013 0.0225 0.11563
AT9 0.0844 1.618 0507 | 00035 | 0.0137 | 19.44 793 0.1241 0.0298 0.1173

A8OR 0.0857 1.615 05256 | 00065 | 00188 | 1883 797 0.1519 0.0279 0.1157

A81R 0.0813 1.696 0514 | 00062 | 00183 | 1897 782 0.1005 00134 01171

AB2R 0.0889 1.606 0531 | 00064 | 0.0191 19.16 773 0.1620 0.0153 0.1192

A83R 0.0821 1.654 0626 | 00064 | 00188 | 19.06 775 0.1183 0.0248 0.1207

A84R 0.0867 1.611 0621 | 00069 | 00197 | 19.15 756 02749 0.0318 0.1215
A8bB 0.0793 1.617 0515 | 00064 | 00189 | 19.89 751 0.0492 -- 0.1252
AB6 0.0739 1.612 0.496 | 0.0065 | 0.0192 | 20.00 736 0.0997 -- 0.1270
A87 0.0743 1.631 0501 | 00059 | 0.0184 | 20.17 726 0.1120 -- 01277
A88 0.0720 1.619 0511 | 00061 | 0.0185 | 20.05 730 0.0737 - 0.1286
A89 0.0728 1.622 0.495 | 00057 | 0.0186 | 20.33 707 0.0884 - 0.1305
A90 0.0791 1.642 0503 | 00051 | 00176 | 20.21 714 0.0763 - 01314
A91 0.0795 1.619 0504 | 00060 | 0.0194 | 20.35 6.92 0.0628 - 0.1345
A92 0.0833 1.633 0506 | 0.0059 | 00193 | 20.37 6.95 0.0661 - 0.1350
A93 0.0842 1.623 0.493 | 0.0042 | 0.0166 | 20.47 6.83 0.0690 - 0.1379
A94 0.0897 1.611 0512 | 0.0059 | 0.0200 | 19.86 6.76 0.1572 0.0118 0.1342

** Abnormal values. See text for explanation.
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