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ABSTRACT. The differences between 
whol ly austenitic, single phase stain
less steels and those w i th two phase, 
partially ferrit ic structures have as
sumed commercial importance in 
recent years, but full util ization of the 
benefits to be derived f rom such two 
phase materials has been hampered 
by difficulties in establishing their 
exact ferrite contents. 

The Mossbauer-effect scattering 
method measures the re la t i ve 
amounts of the austenite and ferri te 
phases on the basis of their magnetic 
properties in a way wh ich is relatively 
independent of the shape, size and 
orientation of the ferri te particles. 
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The method is nondestructive, requir
ing no special surface preparation, 
and thus can be directly compared 
wi th standard magnetic measure
ments. Utilizing backscattered 14 keV 
gamma rays, we have obtained for 
the first t ime Mossbauer spectra f rom 
a series of stainless steel welds and 
castings. The spectra have been care
fully analyzed using correction factors 
developed for this purpose. This in
vestigation establishes the proce
dures to provide base-line informa
tion for the calibration of instruments 
suitable for industrial use. Prel im
inary Mossbauer-effect results com
pare favorably w i t h the assigned 
ferrite numbers for both the cast and 
weld materials for ferri te number less 
than about 20%, but give significantly 
lower values of ferri te content in the 
30-50% ferrite range. The results 
also provide confirmation that ferrite 
in as-welded metal responds more 
strongly magnetically (as measured 
wi th the Magne-Gage) than an equal 
amount of ferrite in castings. Further 
development of the technique is nec
essary for f i rm quantitative conclu
sions. 

Addit ional comments about cast 

austenitic alloys are presented in an 
appendix to this article. 

In t roduct ion 

The presence of some ferrite in the 
microstructure of predominantly aus
tenitic iron-chromium-nickel alloys 
has a significant influence on the phy
sical and mechanical properties of 
the metal (Refs. 1-8). For example, 
partially ferrit ic stainless weld metals 
are more resistant to fissuring or 
cracking during or immediately after 
welding of heavy sections (Ref. 1). 
The physical properties of stainless 
steel castings also depend on the fer
rite content. Improved w e l d i n g 
characteristics, increased strength, 
and substantially greater resistance 
to stress-corrosion cracking are the 
chief attributes of the partially ferrit ic 
alloys in comparison to the whol ly 
austenitic types. However, too much 
ferrite can decrease corrosion re
sistance (Ref. 3). 

For these reasons, considerable ef
fort has been expended on the de
velopment of consistent and re
producible measurement techniques 
of the absolute (or " t rue") ferrite con-
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tent, none of wh ich has, to date, 
proven to be entirely satisfactory. A 
standardized magnetic test procedure 
(Ref. 9) recently agreed upon by the 
Welding Research Council permits 
reliable intercomparison between 
measurements made at different 
laboratories. However, the relation of 
the assigned "ferr i te numbers" to the 
true ferrite content is arbitrary to 
some extent and, although represent
ing a good average based on existing 
commercial practice, it may be in
fluenced by the shape, size, and 
orientation of the ferrite particles 
(Refs. 6-8). 

Metallographic techniques for fer
rite determination have been tried 
wi th various etchants and various 
counting techniques, x-ray diffraction 
has been attempted several t imes, 
magnetic saturation measurements 
have been made in Germany (Ref. 8) 
and France (Ref. 10), but none of 
these has been accepted by the Weld
ing Research Council committee 
studying the problem of measuring 
ferrite, or the IIW Subcommission II-
C, as being sufficiently accurate to 
justify accepting the resulting data as 
the true percent ferrite (Ref. 6,11). In 
addition, extensive round robins on 
weld metal specimens in the U.S. and 
Europe have shown that various 
magnetic instruments can differ ap
preciably in calibration. The range of 
values obtained is approximately 
from -40% to +60% of the average 
reading for the specimens tested 
(Ref. 11). However, the readings were 
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self consistent f rom instrument to in
strument, i.e., one instrument would 
read consistently higher or lower 
than another producing a smooth 
curve wi th rather low spread in read
ings if plotted versus another instru
ment. 

Since many specifications for weld 
metal or castings require specific fer
rite ranges, it was obvious that stan
dardized instrument calibration was 
necessary. The Welding Research 
Council therefore recently agreed 
upon a procedure to standardize 
magnetic test methods (Ref. 9). This 
procedure utilizes NBS coating thick
ness standards as references for 
calibration and a Magne-Gage as the 
primary instrument. Other instru
ments may also be calibrated through 
the use of weld metal secondary stan
dards. This procedure should satisfy 
the commercial need for reproducible 
results between laboratories directly 
for some types of instruments and 
through secondary standards for 
other types of instruments. However, 
a measure of the true or absolute fer
rite content of weld and cast metals is 
still desirable. 

Precision in ferri te content mea
surement in determining the in
fluence of each constituent in the 
alloy on the amount of ferr i te ob
tained is needed, for example, since 
the foundryman must juggle his com
position correctly if he is to meet a fer
rite range specification. As the ferri te 
content of cast alloys of the 19Cr, 9Ni 
type is increased from zero to about 

14.4- 14.4-

57, Fa 57c 

(a) 
Velocity 

(b) (c) (d) 
Fig. 1 — (a) Decay scheme of radioactive Co-57 which is used as the source of 14.4 keVY 
rays. The Co-57 is incorporated in a matrix such as Pd which gives a narrow unsplit source 
line. 

(b) Magnetic splitting of the ground and first excited state of an Fe-57 nucleus, as for 
example in ferrite. Of the eight possible transitions, two are forbidden, giving a six-line 
spectrum, as shown. 

(c) Splitting of the first two levels of an Fe-57 nucleus in an electric field gradient, giving 
a two-line spectrum. 

(d) Shift of the levels due to the charge of electrons at the nuclear site. A spectrum dis
placed from the zero of velocity results. This displacement is termed the "isomer shift". For 
(b) or (c) the displacement of the entire pattern is a measure of the isomer shift 

35%, the average yield strength is in
creased by 50% or more (Ref. 4). As a 
further example, the stress required 
to initiate cracking in a stress-cor
rosion cracking medium such as 
sodium chloride is increased from 
around five thousand psi for whol ly 
austenitic alloys to over thirty thou
sand psi for alloys containing ferrite 
in the 30 to 40% range (Ref. 4). Al l of 
the ferrite-containing cast alloys 
show less susceptibility to cracking 
upon welding than the ferrite-free al
loys, and weld deposits containing 
ferrite show a similar reduction in fis
suring tendency. However, too much 
ferrite leads to the britt leness associ
ated w i th sigma phase formation 
(Ref. 2) and for both welds and cast 
steels can have deleterious effects on 
corrosion resistance (Refs. 3-5). 

We report here an investigation 
concerning the applicability of the 
Mossbauer-effect scattering method 
to the problem of ferrite in austenite 
determination in bulk materials. In 
principle, this method offers a highly 
accurate and se l f -charac ter iz ing 
means for determining the relative 
amounts of ferrite and austenite. As 
wi th the more conventional magnetic 
test methods, the Mossbauer method 
measures the relative amounts of aus
tenite and ferri te phases on the basis 
of their magnetic properties, but in a 
way which is relatively independent 
of the shape, size and orientation of 
the ferrite particles. The scattering 
method is nondestructive and re
quires no special surface preparation 
and can thus be directly compared 
w i th the conventional magnetic 
measurements. This investigation is 
concerned w i th the techniques and 
procedures required to develop Moss
bauer instruments suitable for indus
trial and laboratory use. Some pre
liminary measurements are reported 
on cast and weld samples. These re
sults indicate that, w i th further refine
ment, Mossbauer scattering w i th its 
unique advantages should be useful 
in providing base-line information for 
the calibration of standards and in
struments for field use in terms of 
true ferrite content. There is present
ly no single method, whether x-ray 
diffraction, quantitative metallogra
phy, magnetic saturation, or Moss
bauer scattering, wh ich has proven 
capability for sufficiently reliable 
measurements, and therefore it 
would be preferable to use a combina
t ion of methods in order to determine 
and verify the true ferrite content. 

Mossbauer Techn ique 

The Mossbauer effect is a tech
nique for observing resonant nuclear 
gamma ray fluorescence in solids. Ef
f icient observation of the effect de
pends on details of nuclear structure 
and is thereby l imited in application 
to a relatively few isotopes. Prom-
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inent among these is Fe-57, for 
wh ich the radiation decay scheme 
is illustrated in Fig. 1(a). Also illus
trated are the effects of a magnetic 
field, Fig. 1(b), an electric field gra
dient, Fig. 1(c), and the electron 
charge density. Fig. 1(d), on the ob
served Mossbauer spectrum. The 
Mossbauer effect is able to dist in
guish different phases in a material 
on the basis of variations of these 
three effects (Refs. 12-14), and a 
number of studies in stainless steels 
and other Fe alloys have been re
ported (Refs. 15-25). 

An experimental arrangement for 
observation of the Mossbauer effect 
is shown in Fig. 2. A lead shield w i th 
a brass tube lined hole serves to col-
limate the gamma ray beam and to 
shield the scattering detector f rom 
the primary beam. A radioactive 
source containing Co-57 (which de
cays to Fe-57 wi th a 270 day half life) 
is imparted a linear motion by a veloc
ity transducer. Radiation, either trans
mitted through or scattered by the 
sample under study, is detected by ap
propriately placed counters. The pur
pose of the brass tube is to prevent 
fluorescent x-rays originating in the 
lead shield from interfering w i th ef
f icient detection of 14.4 keV gamma 
rays. The x-ray fluorescence is due 
mainly to the presence of a 122 keV 
gamma ray which precedes every 
14.4 keV gamma ray. A luminum f i l 
ters are used to reduce the number of 
lower energy x-rays incident on the 
counter. Proportional counters con
taining Xe -C0 2 or Kr-C02 are ef
ficient for detecting the 14.4 keV 
gamma rays. The motion imparted to 
the source by the velocity transducer 
alters the energy of the gamma rays 
by the Doppler effect. This change in 
energy is very small and is detectable 
only by observing the resonance 
fluorescence. When the resonance 
condition is satisfied, there is a de
crease in the transmit ted radiation 
and an increase in the scattered 
radiation, as illustrated in Fig. 2(b). 

Transmission is the most efficient 
method for obtaining Fe-57 Moss
bauer spectra. However, for materials 
containing predominantly Fe, Cr, and 
Ni, the transmission method is useful 
only for samples thinner than about 
125 M rn (0.005 in.). For thicker 
samples the scattering method must 
be used. Transmission spectra are ob
tained by detecting the 14.4 keV 
gamma rays. Scattering spectra can 
be obtained by detecting either (1) the 
14.4 keV gamma rays, (2) 6.3 keV x-
rays, or (3) internal conversion elec
trons. The latter two are possible 
since a large fraction of the decays 
from the Fe-57 excited nuclear level 
are via internal conversion pro
cesses, whereby the decay energy of 
the excited nuclear state is used to 
expel a K-shell electron from the Fe 
atom. For detecting 6.3 keV x-rays, 

(b) 
AT 

Velocity , mm/s«c 

Fig. 2 — (a) Experimental arrangement for 
observing the Mossbauer effect by scatter
ing or transmission, for a thin sample. The 
scattering experiment can also be per
formed on a thick sample. For efficient 
scattering experiments, source strengths 
greater than about 50 mCi are desirable. 
For transmission, sources with about 10 
mCi or less are suitable 

(b) Schematic comparison of spectra ob
tained by transmission and by scattering. 

the f i l ter ing arrangement shown in 
Fig. 2 should be modif ied, e.g., by 
placing the aluminum filter in front of 
the sample. An A r - C 0 2 proportional 
counter is advantageous because it is 
inefficient at 14.4 keV and higher 
energies. For detecting the conver
sion electrons, a special counter utiliz
ing He-CH4 gas directly in contact 
w i th the sample (Ref. 26) can be 
used. Spectra obtained w i th either 
the 14.4 keV gamma rays or the 6.3 
keV x-rays represent a sampling of a 
region about 100 (Jm (about 0.004 
in.) thick at the surface of the sample, 
whereas spectra f rom conversion 
electrons sample to a depth of only 
about 1 p. m. Conversion electron 
spectra are therefore useful for de
tecting metallurgical differences be
tween surface layers and the bulk 
metal (Ref. 27). In this paper we 
have restricted ourselves to spectra 
obtained utilizing the 14.4 keV gamma 
rays (although some simultaneous 
detection of the 6.3 keV x-rays was 
probably present). Further develop
ment of the technique wi l l undoubt
edly involve the other two detection 
methods as wel l . 

Quant i ta t i ve M e a s u r e m e n t of 
the Ferrite C o n t e n t Using 
the Mossbauer Ef fect 

When different phases in a metal 
give well-resolved Mossbauer spec
tra, the relative areas of the spectral 
patterns provide an indication of the 
amount of each phase present. An ex
ample of the Mossbauer spectra for 
two distinct phases in an iron-chrom
ium (45 a t .% Cr) alloy is shown in Fig. 

(a) 

Fe 
100% ferrite 
phase 

(b) 
Fe55Cr45 

100% ferrite 
phase 
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- \ r~ 
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Fig. 3 — Experimental Mossbauer trans
mission spectra for (a) a pure iron foil, (b) 
an alloy containing 55 at. % Fe and 45 at. 
% Co after annealing at 1000 C for one 
hour and quenching to room temperature 
to form single-phase ferrite and (c) the 
same alloy after annealing at 775 C for 10 
days to produce sigma phase. No trace of 
ferrite is seen in spectrum (c) 

3(b,c) and compared w i th the spec
trum of pure iron in Fig. 3(a). The dis
ordered (magnetic) and sigma (non
magnetic) phases in the Fe-Cr alloy 
clearly give two distinct spectral pat
terns and the composite spectrum 
from an alloy consisting of a mixture 
of these two phases could be re
solved. Figure 4 compares the spec
trum from the same sigma phase 
wi th that f rom an austenitic stain
less steel. Due to the expanded ve
locity scale, the structure of the sigma 
phase spectrum is more readily ap
parent in Fig. 4(a) than in Fig. 3(c). A l 
though these spectra are not as dis
tinct as in the previous case, under 
favorable circumstances the fraction 
of sigma phase in a stainless steel 
might be measurable. 

At present, no detailed studies 
have appeared concerning the ac
curacy and precision obtainable in 
quantitative metallographic studies of 
steels using the Mossbauer method. 
The first consideration is the ac
curacy w i th which the relative area 
fractions can be obtained from the 
Mossbauer spectrum. This requires 
both a good signal-to-noise ratio and 
the ability to separate geometric ef
fects from resonance effects. The 
conversion of spectral area fractions 
to phase fractions requires correc
tions for f inite thickness effects, 
phase composition, and differing re
coil-free fractions. 

Finite thickness corrections have 
been considered by a number of 
authors for the case of transmission 
spectra (Refs. 28-32). For scattering 
spectra. Chow and Bogner (Ref. 25), 
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( a ) - « * . 
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100% austenite 
phase 
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Fig. 4 — Comparison of Mossbauer trans
mission spectra from an Fe-Cr or phase 
sample and an austenitic stainless steel. 
The spectrum in (a) is obtained on the 
same sample whose spectrum is shown in 
Fig. 3c, but with an expanded velocity scale Fig. 5 — Geometry for a Mossbauer scattering experiment. A source of gamma rays is 

given a velocity v0. The incident gamma rays subtend a solid angle ilo The radiation scat
tered into solid angle fi is counted by the detector 

have discussed the quantitative mea
surement of small amounts of re
tained austenite in ferrite. They util
ized an empirical formula w i th par
ameters adjusted to give agreement 
wi th x-ray results. This formula can
not be extended for use w i th large 
amounts of austenite and we have 
proceeded to investigate the neces
sary correction factors. This was 
done specifically for a single line 
source and a sample w i th wel l re
solved absorption lines. 

Consider the scattering geometry 
shown in Fig. 5. A source emit t ing l 0 

recoil-free gamma rays per second is 
imparted a velocity V0 in the direction 
of gamma ray propagation. This in
cident beam is coll imated to subtend 
a solid angle fi0 . The intensity i0 

(E,V0) of recoil-free gamma rays of 
energy E incident on a layer of mate
rial at a distance x below the surface 
wi l l be: 

i 0 ( E , V 0 ) = l 0 ^ u ( E , V 0 ) 
47T 

e x p | - [ a a t + g ( E ) ] x / c o s 0 o } , 0 ) 

where u(E,V0) is the energy distr ibu
t ion of recoilless radiation f rom the 
source, «a i is the inverse atomic 
absorption length for 14 keV gamma 
rays, g(E) is the inverse resonant 
absorption length for gamma rays of 
energy E, and the other symbols are 
as defined in Fig. 5. The quantit ies u 
and g can be represented by the 
Lorentzian functions: 

u(E,V0) 
2 
,r-rs (2/rsp(vE-v0-v l s p + 1, 
and 

nf a <r0 ( i V T a ) 
g(E) = 

(2) 

(3) 

whereTs is the ful l w id th at half max
imum (FWHM) of the source, Ta the 
FWHM of the sample absorption line 
under consideration,Y0 is the natural 
FWHM (0.19 mm/sec) , n is the num
ber of Fe-57 atoms per cm 3 wh ich 
contribute to the resonance , ^ is the 
effective cross section for resonant 
absorption, fs is the recoilless frac
t ion for the sample* VE is the velocity 
corresponding to a gamma ray of 
energy E, and V|S and V|A are the 
shifts of the gamma ray line due to 
hyperfine fields. In Eq. 3 it has been 
assumed that, whatever mechanism 
is present to broaden the absorption 
l ine, a nearly Lorentzian shape is pre
served. This is a good approximation 
even in the presence of considerable 
broadening. 

The detector system can, in 
principle, be tuned to detect either 14 
keV gamma rays, 6.3 keV x-rays aris
ing from the internal conversion pro
cess, or the conversion electrons. 
Consider f irst the case of detecting 
14 keV gamma rays. Resonant re-
absorption of the gamma rays scat
tered towards the detector must be 
considered. The intensity of radiation 
of energy E' arriving at the detector 
from a depth x in the sample due to in
cident radiation of energy E wi l l be 
given by 

ia0(E',E,V0) = 
Qs 

2Tr2ra(1+a) 
• i o ( E . V o ) 

g(E') 

(4) 

( 2 / T F(VE-v,A p + 1 

9 ( E ) rrf 
n t a o ,

0 l 0
/ l a 

exp | - («at +fag(E'))x/cosf?s | , 
w h e r e a is the internal conversion co
efficient. In the case of a phase such 
as ferrite, w i th a six line absorption 
pattern, g(E') w i l l consist of six Lorent-
zians wi th the form of Eq. (6), each 
wi th an appropriate weight ing factor. 
For randomly oriented ferrite, the six 

lines have an intensity ratio of 
3:2:1:1:2:3. The presence of any pre
ferred orientation wi l l change this 
ratio (and thus have an influence on 
the calculated correction factors). 
After integrating Eq. (4) over E', one 
obtains, for a single line spectrum 

i a 0 ( E . V 0 ) = £ ^ ^ i0(E,V0)g(E) 

exp| - (« a t +Vifa a,) x /cos 0SI 

Io (y2fa« rx/cos0 s ) (5) 

where 10 is a modified Bessel function 
of zero order and a r = r\f3-

<roVi/Ta. 
Further analytical integration is 

complicated by the presence of the 
Bessel function. However, if it is as
sumed that the most important con
tribution to the spectrum arises from 
the first few absorption lengths, then 
exp ( -1 /2 faa rx/cos# s ) l0 (V2iaa,x/cos$s 

can be approximated as 
exp(-1/2fa<a:r> x/cos0S), where 

< « r > « 0 . 8 < n > f a ° o r o / r a . (6) 

Here in order to include the case of a 
mult i- l ine absorption spect rum,<n>is 
introduced as the effective number of 
Fe-57 nuclei per cm3 for the phase in 
question. For a single line spectrum 
< n > = n . For the case of a mult i l ine 
spectrum < n > is reduced by the av
erage of the squared probabilities for 
re-emission in any of the lines (e.g., 
for a 3:2:1:1:2:3 ferri te pattern, 
< n > « 0 . 0 3 2 ) . W i th th is approxima
t ion, and for0s = 0o , one obtains from 
Eq. (5) by integration over x the total 
resonant count rate at the detector, 
for the source w i t h velocity V 0 , as 

UfVo) 
. flofEs C 
° 167^(1**) 

1 _ 
(2/T)2[Vo -<VIS -V I A )P+1 (7) 
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1.0 

A+F 
0.8 0.6 

, recoil-free Fe 

0.4 0.2 0 

A + F 
Fig. 6 — The fraction of Fe-57 in the ferrite phase, F/(A+F), as indicated from the relative 
areas of ferrite, F, and austenite. A, in the Mossbauer spectrum versus the fraction of 
recoil-free Fe 57 actually present in the ferrite phase. The dashed line (slope = 1) would 
apply in the absence of thickness effects. The curve applies when scattered 14.4 keV"Y 
rays are being detected. Derivation involves a number of assumptions, as described in the 
text. To obtain the weight fraction of ferrite. further correction for recoil-free fraction and 
phase composition is necessary, and to obtain the volume fraction, a density correction is 
also required. 

wi th 

C = 

wi th 

« , Ta 

r = rs+F lra 

+-F 

F2 = 1 + 

2aat+y2<« 

4aat 

>y 

(8) 

(9) 

(10) 

(11) 

=[1 
« r 

Qf 1 4 . 4 + t t 6 
at 

j ] (14) 

This is a Mossbauer spectrum w i th 
the Lorentzian shape preserved, but 
w i th a broadened FWHM. From Eq. 
(7), the total area A a under this res
onance line in the spectrum wi l l be, 
when 14.4 keV gamma rays are de
tected, 

. 1 4 . 4 . l 2 o » ' s nf a <TQT0 (12) 

'° 327r(1+«) 2a a t Fi F2 

If 6.3 keV x-rays are counted by the 
detector then Eq. (12) becomes 

R q flofisa 
A - I — 
Aa - 'o 32TT(1+a) 

nfa <r0T0 

( a , 4 . 4 + a e . 3 ) F i 
(13) 

where a If-4 andaf,-3 are the inverse 
atomic absorption lengths for 14.4 
and 6.3 keV radiation, respectively. If 
conversion electrons are counted by 
the detector, then Eqs. (13) and (14) 
apply w i t h a l ; 3 replaced by the in
verse absorption length appropriate 
for conversion electrons, ctVt-

Consider the case for the presence 
of two phases, a ferrite phase F and 
an austenite phase A. The experimen
tal quantity obtained from the Moss
bauer spectrum is the ratio of the 
areas for the two spectra correspond
ing to austenite and ferrite. The aus
tenite spectrum can be considered as 
a single line, whereas the ferrite 
yields a six-line pattern. For later use, 
we have used Eq. (12) to generate a 
correction factor curve assuming: (1J 
only 14.4 keV gamma rays are being 
detected, (2 ) r W 0.25 mm/sec for 
the austenite andraS3 2.0 mm/sec 
for the ferrite, (3) the ferri te lines are 
in the ratio 3:2:1:1:2:3, and (4) fa = 
0.8 for both the ferrite and the austen

ite. Also used were the parameters 
a-a=0.52x103cm-\o-o=2.56x101 8cm2 , 

T0 =0.20 mm/sec, and 2.19% for 
the isotopic abundance of Fe-57. 
Using these values, the correction 
factor curve plotted in Fig. 6 is ob
tained. Wi th this curve, the ratio of 
area fractions F/(A+F) obtained 
from the Mossbauer spectrum can 
be corrected for f ini te thickness ef
fects. The relative atomic fraction of 
recoil-free Fe in each phase is thereby 
obtained. 

To obtain the relative phase frac
tions, corrections for recoil-free frac
tion and phase composition are also 
required. The recoil-free fractions in 
the various alloy compositions en
countered in ferrit ic stainless steels 
have not been precisely determined. 
However, recent measurements by 
Qaim (Ref. 33) for the recoil-free frac
tion yielded f=0.81, 0.76, and 0.76 for 
Fe-57 in Ni, Cr, and Fe, respectively. 
On this basis, the correction for 
recoil-free fraction is expected to be 
small, on the order of a few percent, 
and can be neglected for practical pur
poses. Correction for phase composi
t ion is important (though less a prob
lem than in the magnetic saturation 
method) for the higher ferrite con
centration alloys and is discussed in 
the next section. 

Exper imenta l M e a s u r e m e n t s 

A series of measurements using 
the Mossbauer technique was per
formed on five stainless steel cast
ings and four stainless steel welds 
(Ref. 34). The compositions of these 
samples are detailed in Table 1, 
which also shows the Cr and Ni equiv
alents used to obtain an indicated v / o 
ferrite from constitution diagrams. 
The shapes and dimensions of these 
samples are illustrated in Fig. 7. 

A n existing Mossbauer spectro
meter was modified for use in the 
scattering mode wi th an arrange
ment similar to that shown in Fig. 2. 
The detector was a Xe-CC>2 propor
tional counter. The single-l ine source 
was approximately 50 mCi of Co-57 
in Pd. The w indow of a single channel 
analyzer was adjusted to detect pr i
marily the 14.4 keV scattered radi
ation. This adjustment is rather crit
ical since the resolution of the count
ing system gives some overlap be
tween the two energies and there are 
about eight t imes as many 6.3 keV x-
rays as 14.4 keV gamma rays. Thus 
detecting only about 10% of the x-
rays would give a correction factor in
termediate between those of Eq. (12) 
and Eq. (13). The Al f i l ter placed as 
shown in Fig. 2, is an aid in reducing 
the number of x-rays counted. A l 
though subsequent experience may 
require modif ication, we have pro
ceeded on the basis that only a negli
gible fraction of the x-rays were be
ing counted, and the correction factor 
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Table 1 

Sample 
code 

Cast 
samples 

A 2 
C 2 
D 2 
F 2 
K 2 

— Compos i t i on of Samples 

Al loy 

t y p e 

c 

CF-8M 0.08 
CF-8 0.07 
CF-8M 0.07 
CF-3M 0.026 
CE-30A 0.30 

Si 

1.12 
1.25 
1.39 
1.43 
0.91 

(in w e 

M n 

0.85 
0 .80 
0.79 
0.91 
0.82 

ight percent) 

Cr 

16.72 
19.99 
20.17 
20.31 
28.93 

Ni 

15.02 
9.38 
9.55 

10.86 
8.34 

Mo 

2.51 

— 
2.40 
2.59 

— 

N 

0.042 
0.062 
0.064 
0.04(est.) 
0 .120 

Schoefer cast 
steel d 

Cr 
Equiv. 

15.92 
16.83 
19.67 
20.06 
25.31 

agram , a ) 

Ni 
Equiv. 

21.19 
15.75 
15.96 
15.39 
23.12 

Weld 

samples 
52 D 

6 B 
8 B 

12 H 

Id) 

308 
308 
308 
None 

0.053 
0.047 
0.047 
0.05 

.73 

.31 

.31 

.38 

1.00 
1.69 

.90 

.90 

20 .10 
20.60 
21 .70 
22.65 

10.11 
9.97 
9.85 
9.80 

.16 

.17 

.17 
2.47 

.058 

.046 

.046 

.046 

Weld metal diagrams 
Schaeffler<b) Delong <cl 

Cr Ni Cr Ni 
Equiv. Equiv. Equiv. Equiv. 

21.35 
21.23 
22.33 
25.69 

12.20 
12.23 
11.71 
11.75 

21.35 
21.23 
22.33 
25.69 

13.94 
13.61 
13.09 
13.13 

(a) See Appendix and also Beck et al., Ref. 4. 
(b) Schaeffler, A. L, "Constitution Diagrams for Stainless Steel Weld Metal." Metal Progress5S. p. 680(1 949). 
(c) DeLong, W. T., Ostrom, G. A., and Szumachowski, E. R., "Measurement and Calculation of Ferrite in Stainless-Steel Weld 
Metal," Welding Journal, p. 521-s, 1956. 
(d) Compositions for the four'weld samples are estimated, not actuals. 

Fig. 7 — Weld and cast materials used in this study. The weld 
sample (on the left) was one of a set of standards provided by Tele
dyne McKay, and the cast sample (on the right) one of a set pro
vided by Prof. F. H. Beck of Ohio State University 

Fig. 8 — Spectrometer oscilloscope readout for scattering from 
weld sample No. 8B without any data reduction. The curved back
ground is partially due to changes in the solid angle, il0. Fig. 5, 
(resulting from source motion) and partially to an unresolved fer
rite spectrum. Note that in scattering, as shown here, increases in 
count rate are observed in contrast to transmission, e.g.. Figs. 3 
and 4, where decreases are observed 

curve shown in Fig. 6 wi l l be used. 
The spectrum from weld sample 8B 

as it appeared on the oscilloscope of 
the spectrometer is shown in Fig. 8. 
The predominant peak in the center is 
from the austenite phase. The curved 
background is primarily a geometric 
effect due to the source motion. (Dur
ing one cycle of operation the source 
is swept through the entire range of 
velocities. The repetition rate is about 
2 cycles per second. For velocities 
near zero the source is nearer the de
tector, where it produces a higher 
count rate.) The ferrite spectrum, only 
barely visible due to the presence of 
the curved background, is a broad
ened six-line spectrum similar to that 
shown in Fig. 3(b) for a ferrit ic Fe-Cr 
alloy. 

Before making further analysis, the 
data were reduced by subtracting out 

the background curvature. This was 
accomplished by f i t t ing to a parabola 
that portion of the spectrum w i th ab
solute velocities greater than about 
7.5 mm/sec using a least-squares 
technique. Contributions due to 
resonance effects are small in this re
gion of the spectrum. This parabola 
was then subtracted from the entire 
spectrum, yielding a flat background 
as shown in Fig. 9. In these spectra, 
especially that for sample K2, the fer
rite contribution is evident. (Each of 
these spectra represent approximate
ly 48 h counting t ime on the spectro
meter.) The error introduced by the 
background reduction procedure is be
lieved to be small but is difficult to as
sess. More satisfactory would be a re
duction by experimental means. This 
could be accomplished, for example, 
by using a spectrometer w i th a higher 

frequency capability (i.e. a higher re
petition rate), by using an increased 
source-to-sample distance (requiring 
a stronger radiation source), or by 
using a spectrometer w i th a special
ized constant velocity capability. 

After removal of the geometric 
background, the residual data were 
least-squares fitted to the sum of a 
single line spectrum corresponding to 
the austenite, and a broadened six 
line spectrum corresponding to the 
ferrite. 

A computerized least-squares fit
t ing routine, similar to that described 
by Chrisman and Tumolil lo (Ref. 35) 
which seeks a least-squares mini
mum by successive iteration, was 
utilized. The single line austenite 
spectrum was assumed to be of 
Lorentzian shape. The ferri te spec
trum was assumed to arise from a 
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Table 2 — Parameters Obtained in a Least-Squares Fit to Mossbauer Scattering 
Spectra from a Series of Weld and Cast Stainless Steel Samples <a> 

-8.0 -4 .0 4.0 8.0 

VELOCITY , m m / i « e 

Fig. 9 — Mossbauer scattering spectra 
from three samples after computer 
analysis. The dots are experimental data 
from which the curved portion of the back
ground due to source motion has been sub
tracted. The solid lines are a least-squares 
fit to a broad spectrum due to ferrite, and 
to a narrow spectral line in the center due 
to austenite 

Gaussian distribution of magnetic 
hyperfine fields, each w i th a six-l ine 
pattern wi th a 3:2:1:1:2:3 intensity 
ratio and line widths of 0.30 
mm/sec. The relative probability, 
p(H), for a given magnetic hyperfine 
field H, is then 
p(H) = Aexp[- (H-H 0 )V2o-H2] (15) 

Initial values must be assumed for 
each parameter of the fit. If the init ial 
values deviate too much from the true 
values, the iterative least squares pro
cedure wi l l diverge, or converge to 
nonsensical values. Further, it was 
found necessary to independently 
vary the parameters for the austenite 
and ferrite portions of the spectra. 
After f itt ing the ferrite and austenite 
spectra, their small contribution to 
the background could be calculated 
and a more precise fit of the back
ground curvature could be accom
plished. This was done in each case, 
fol lowed by another sequence of data 
reduction and of ferrite and austenite 

Sample 
code 

Cast samples 
A 2 
C 2 
D 2 
F 2 
K 2 (run no. 1) 

(run no. 2) 

Weld samples 
52 D 

6B 
8 B 

12H 

Ho 
kG 

235<b) 

230(8) 
232(8) 
222(10) 
219(8) 
225(10) 

226(19) 
229(16) 
226(8) 
232(10) 

°-H 
kG 

50 Cl 
50(6) 
47(6) 
51(4) 
44(6) 
40(4) 

32(18) 
26(15) 
51(8) 
51(10 

Austenite 
Line 

FWHM,(C) 

mm/sec 

0.47(2) 
0.45(2) 
0.47(2) 
0.46(2) 
0.46(2) 
0.49(2) 

0.45(2) 
0.45(2) 
0.49(2) 
0.43(2) 

F/A 

0.04(3) 
0.13(2) 
0.24(2) 
0.42(3) 
0.80(4) 
0.89(4) 

0.15(3) 
0.16(3) 
0.25(4) 
0.30(4) 

(a) F/A is the ratio of the spectral area due to the ferrite to that due to the austenite. Numbers in parentheses repre
sent estimated statistical errors for the least-squares fit at the one sigma level. 
(b) Assumed values held constant during thefitting procedure. 
(c) FWHM = Full width of half maximum 

spectral area calculation. As can be 
seen in Fig. 9, the fits are not quite 
satisfactory near the base of the large 
austenite line, probably because of 
the overlap of the austenite and fer
rite spectra. The area of the misfit 
amounts to only a few percent of 
either the austenite or the ferri te 
area, and should not introduce errors 
greater than this amount. The results 
of least-squares f i t t ing of the experi
mental data are given in Table 2. 

Tabulated in Table 3 are the Moss
bauer results and the ferri te numbers 
determined on the same set of sam
ples using the Welding Research 
Council procedure (Ref. 9). Also tab
ulated are the ferrite contents indi
cated on constitution diagrams and, 
for the cast samples, metallographic 
determinations. The corrected Moss
bauer results give the atomic percent 
of the total recoil-free iron appearing 
in the ferri te phase. As mentioned 
previously, the recoil-free fractions 
are expected to be equal w i th in a few 
percent. If the recoil-free fract ion, the 
a /o iron, and the atomic density were 
the same in the ferri te and austenite 
phases, the corrected Mossbauer re
sults of Table 3 would be directly com
parable to the v / o ferri te and hence, 
presumably, to the ferrite number. Al l 
three of these corrections are, in fact, 
small. 

Bungart et al (Ref. 8) found that, on 
the average the ferri te phase is en
riched in chromium by about 25% and 
impoverished in nickel by about 30% 
wi th respect to the composit ion of the 
matrix. Using these figures, consider 
sample F2 which contains 20.3% Cr 
and 10.8% Ni and is about 30% fer
rite. The ferrite phase would contain 
about 68% iron and the austenite 
phase about 70% iron, requiring only 
a 2% correction in the Mossbauer re
sults. The magnitude of the magnetic 
hyperfine field could be used to give a 

measure of the ferri te phase composi
t ion if the effect of alloying on the 
hyperfine field values were wel l es
tablished. The hyperfine field as a 
function of composition has been 
measured for binary Fe-Cr alloys by 
Yamamoto (Ref. 36) and for binary Fe-
Ni alloys by Johnson et al (Ref. 37). 
Similar data are not yet available for 
Fe-Cr-Ni ternary alloys. 

However, Bungart et al (Ref. 8) 
found that, for ternary alloys w i th 
greater than about 20% Cr, the sat
uration magnetization depends on 
the sum of the alloying elements Cr + 
Ni. Since the Fe-57 magnetic hyper
f ine field in iron alloys is often rough
ly proportional to the magnetization, 
we assume as a rough approximation 
that the magnetic properties of the 
ferrite phase depend on the total Cr + 
Ni content. Then, using the results of 
Yamamoto (Ref. 36) the graph in Fig. 
10b can be constructed. Comparison 
w i th the measured hyperfine fields 
(Fig. 10a) shows that, on the average, 
the ferri te phase contains about 38 
atomic percent Cr + Ni. This is in the 
same direction as that found by Bun
gart et al (Ref. 8), i.e. there is an in
crease in Cr + Ni content in the ferri te 
phase over that in the austenite 
phase. However, the absence of 
knowledge of the hyperfine field in 
ternary alloys, precludes their direct 
use. 

From the values given by Pearson 
(Ref. 38) for the lattice spacings of the 
austenite and ferrite phases, the 
atomic density (i.e., no. of atoms per 
cm3) is about 2% smaller for the fer
rite phase than for the austenite 
phase. Again this is a small correc
tion to the Mossbauer results. 

The ferri te content measured by 
the Mossbauer effect, corrected for 
f inite thickness effects as shown in 
Table 3, is compared graphically w i th 
the ferrite number in Fig. 1 1 . Addi-
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Table 3 — Ferrite Content from Mossbauer Measurements Compared with Ferrite Number and Indicated Ferrite froir 
Alloy Chemistry 

Indicated V/O ferrite 
from constitution diagrams 

Mossbauer results 

Sample 
code 

Cast Samples 
A 2 
C 2 
D 2 
F 2 
K 2 

Weld samples(g) 
52 D 

6 B 
8 B 

12 H 

Schoefer 
cast 
steel 

0 
5.0-8.5 

12.5-17.3 
16.0-21.0 

6-10 

Schaeffler 
we ld metal 

9.0 
8.5 

13.0 
26.5 

Metal lo
graphic 

V / 0 
fe r r i t e " " 

0 
6 

16 
24 
46 O 

Ferrite 
number, 
DeLong 

weld metal 
d iagram' 3 ' 

9.6 
10.1 
16.3 

SS30 

Magne-Gage 
ferri te 

number'0 ' 

0 
5.1 

13.6 
30.1 
48.7 

8.9 
12.5 
18.7 
26.8 

Mossbauer 
ferr i te 

area ratio 
100*F/(A+F) 

4 
12 
19 
30 
4 6 (dl 

13 
14 
20 
23 

Corrected 
for f in i te 

thickness' 

2 
8 

13 
22 
36 

9 
10 
14 
16 

(a) January, 1 973 revision, 
(b) Determined at Ohio State University 
(c) Duplicate sets of readings were taken on two Magne-Gages, both calibrated using the WRC procedure, and averaged to give the ferrite number. On the cast 
samples eight readings were taken on each specimen, and on the weld samples four readings down the centerline. The scale for cast metal is different and 
gives higher values than the scale for weld metal. 
(d) Average of two determinations which yielded 44 and 47. 
(e) Corrected using the curve of Fig. 6. 
(f) The large deviation between the measured ferrite content and that predicted from the diagram is probably related to the relatively high carbon content of 
this alloy, as explained in the appendix of this article. 
(g) Values based on estimated chemistry, not actuals. 

Hyperfine Field, kG 

2S0 r 

(a) 

220 

• Cast samples 
• Weld samples 

2 0 0 S! 
20 40 

Ferrite Number 

Fig. 10 — (a) The average magnetic hyper
fine field of the ferrite phase, as measured 
by the Mossbauer effect, plotted as a func
tion of ferrite number. 

(b) Assumed hyperfine field versus chro
mium plus nickel content in ternary Fe-Cr-
Ni alloys. The dotted line indicates that, 
based on the assumptions stated in the 
text, the ferrite phase contains, on the 
average, about 38 at. % Cr + Ni 

t ional corrections for ferri te composi
tion and atomic density give the point 
at the top of the arrow for the cast 
sample wi th the highest ferrite con
tent. Similar corrections would be 
proportionally smaller for the lower 
ferri te number samples. 

C o m p a r i s o n W i t h Other 
Techniques 

Gunia and Ratz (Refs. 6,7) have re
viewed the methods most commonly 
used to determine ferri te content in 
austenitic welds and in cast stainless 
steels. These methods are divided 
into three general classes — mag
netic, metallographic, and x-ray. They 
conclude that, for practical purposes, 
the average ferrite content cannot be 

determined w i th a precision greater 
than about i 3% ferrite for ferri te 
levels less than about 10%, and no 
better than abou t i 6% ferri te for fer
rite contents from about 10 to 24%. 
The precision actually obtained wi l l of 
course depend on many factors, one 
of the most important of wh ich is in
strument calibration. The recently de
veloped ferr i te number calibration 
procedure (Ref. 9) for the Magne-
Gage wi l l undoubtedly result in better 
precision in the use of this instrument 
for measuring stainless steel welds 
and castings. However, this proce
dure does not resolve the potentially 
important problem of wha t is the rela
t ion of ferrite number to true ferrite 
content. 

Each technique for ferri te deter
mination has its own set of l imita
tions. Among the various techniques, 
quantitative optical metallography is 
generally regarded as having the 
greatest inherent accuracy for suf
ficiently large and wel l defined sec
ond phases. However, this technique 
is l imited (Ref. 39) by statistical sam
pling errors, particle edge effects, 
resolution, and proper phase identi
f ication. Note that these problems are 
particularly important in welds due to 
the fine distribution of ferrite. For cast 
materials, the ferrite particles are 
larger and better defined, resulting in 
more dependable values f rom optical 
metallography. Some of the problems 
in the use of quantitative metallo
graphy specifically for ferri te deter
mination in austenitic stainless steel 
welds have recently been empha
sized by Goodwin et al (Ref. 40). 

X-ray diffraction is a technique 
found to be capable of good accuracy 

for ferrite determination in wrought 
stainless steels (Refs. 6,7) w i th ferrite 
levels in excess of 3%. The factors in
volved in an x-ray determination have 
been summarized by Bechtoldt (Ref. 
41). Quantitative results on an abso
lute basis require corrections for ab
sorption, inhomogenity, particle size, 
density, and orientation effects. Pre
ferred orientation and coring pose 
particularly serious impediments for 
ferrite determinations in stainless 
steel welds and castings. 

The precision of all the conven
tional magnetic methods w i th the ex
ception of magnetic saturation de
pends upon the surface condit ion of 
the specimen, the possibility of an air 
gap between the specimen and the 
measuring probe, and possible inf lu
ences of ferrite particle shape and 
orientation. Since the ferri te content 
of a weld or cast specimen can vary 
by an appreciable amount, an aver
age ferrite content is obtained by tak
ing several measurements at differ
ent points. The magnetic saturation 
method does permit, in principle, an 
absolute determination of ferrite con
tent, provided the saturation magnet
ization of the ferrite is known. This 
method is relatively insensitive to the 
shape, size and orientation of the fer
rite particles, although the field re
quired to reach saturation does de
pend on these factors. As discussed 
by Bungart et al (Ref. 8) it is neces
sary to know the relationship be
tween the saturation magnetization 
and the chemical constitution of the 
ferrite. It is claimed (Ref. 8) that the 
relationship has been established for 
ternary Fe-Ni-Cr, but this should be 
confirmed by independent measure-
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ments. Further, the effects of other 
alloying elements, even in trace 
amounts, may limit the precision. 

The Mossbauer effect, x-ray and 
quantitative optical metallography 
are all basically surface techniques, 
wi th the x-ray and Mossbauer prob
ing the sample up to a few mils (1 mil 
»;25|u,m) below the surface. X-rays 
and Mossbauer both give an aver
age result for the irradiated sample 
area, whereas optical metallography 
requires statistical sampling. The 
Magne-Gage, ano the r magne t i c 
method, gives an average over a lo
calized region in the vicinity of the tip 
of a small magnet, but is essentially a 
low-field method and is sensitive to 
preferred orientation, ferrite composi
tion and differences in init ial perme
ability of the ferrite particles. 

Both the Mossbauer and magnetic 
saturation methods have the advan
tage that they make a clear distinc
t ion between the magnetic and non
magnetic phases of the sample being 
measured. The Mossbauer method 
has the advantage of being less sensi
tive to corrections arising from the 
ferrite composition. However, al
though it can undoubtedly be im
proved, the precision of the Moss
bauer method is less than that of the 
magnetic saturation method. 

Referring to Fig. 1 1 , the Mossbauer 
measurements presented here ap
pear to be in essential agreement 
wi th the ferri te number for samples 
containing below about 20% ferrite. 
Above about 20% ferri te, the ferri te 
numbers appear to be systematically 
greater than that indicated by the 
Mossbauer measurements. The same 
general trend also appears for the 
magnetic saturation determinations 
of Bungart et al (Ref. 8). The data are 
presently too scanty to draw definite 
conclusions. It is interesting to note, 
however, that considerably poorer 
agreement between percent ferr i te 
and ferrite number would have been 
obtained here had not the difference 
in magnetic response for weld and 
cast materials been taken into ac
count in the WRC procedure (Ref. 9). 
This difference in response is com
pensated for by assigning the same 
ferrite number to the various NBS 
thickness standards but using differ
ent magnets for weld and cast mate
rials. If the weld metals had been 
rated wi th the same magnet used for 
the cast metals, the weld metal fer
rite numbers would have been in
creased by about 22%. This would 
have, for all the data on weld metals 
obtained here (see Fig. 11), given con
siderably poorer agreement between 
the Mossbauer effect results and the 
ferrite numbers. Thus the Mossbauer 
results give additional confirmation 
that a given amount of ferrite in weld 
metal is more strongly attracted to a 
given Magne-Gage magnet than is 
the same amount of ferrite in cast 

stainless steel, due presumably to the 
differences in size, shape, and orient
ation of the ferrite. 

Addit ional comments about cast 
stainless steel appear in the Appen
dix, in connection w i th the Schoefer 
diagram for estimating the ferrite con
tent of cast austenitic alloys. 

Conclusions 

The present investigation has 
shown that it is feasible to use Moss
bauer-effect scattering methods to 
obtain baseline information for ferrite 
content in stainless steel welds and 
castings. Factors needed to relate the 
Mossbauer spectral area ratios to the 
percent ferrite have been developed. 
The percentage of iron in the ferri te 
phase can be estimated from the 
Mossbauer spectrum but more infor
mation on the hyperfine fields in ter
nary and higher alloys is required to 
improve the reliability of the results. 
Methods for further development of 
Mossbauer scattering as a technique 
for the calibration of other measuring 
instruments via standard reference 
materials have been indicated. The 
preliminary results presented in this 
paper do not provide a sufficient basis 
for changes in the presently accepted 
assignment of ferrite numbers. Inter-
comparison of the various methods 
on specially fabricated materials w i t h 
good homogeneity appears essential. 
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APPENDIX 

One of the authors* presents a one-line constitution dia
gram for cast alloys and discusses the high ferrite read
ings obtained with the Mossbauer technique 

The Schoefer diagram (Ref. 1) for 
the estimation of ferr i te percentage 
in cast austenitic alloy was derived 
from the Schaeffler diagram (Ref. 2) 
developed for weld metal. In these 
diagrams all ferr i te-promoting ele
ments are converted into "chromium 
equivalents" and all austenite-pro-
moting elements into "nickel equiv
alents" through the use of factors 
representing the ferrit izing or austen-
itizing power of each element. The 
fol lowing factors are used for the 
Schoefer diagram: 

Ferritizing 

Chromium 
Silicon 
Molybdenum 
Columbium 

1.0 
1.5 
1.0 
1.0 

*E. A. SCHOEFER (see title page) sub
mitted this appendix after the original 
paper had been presented at the 54th 
A WS Annual Meeting. 

Austenitizing 

Nickel 
Manganese 
Carbon 
Nitrogen 
(N > 0 . 0 2 ) 

1.0 
0.5 

30.0 
26.0 

In addit ion, the chromium equivalent 
is reduced by a constant of 4.99, and 
the nickel equivalent is increased by a 
constant of 2.77. The effect of these 
constants is to transform the coordi
nates of the Schaeffler diagram so 
that the origin is at the point where 
the constant-ferrite lines converge. 
Thus the ratio of the modif ied chro
mium equivalent to the modified 
nickel equivalent is the reciprocal of 
the slope of the constant-ferri te lines 
(see Fig. A1). The reciprocal is chosen 
to make the composition ratio in
crease directly w i th increasing ferrite 
content. The relationship of composi
tion ratio and ferrite percentage, 
therefore, is expressed on the 
Schoefer diagram as a single curve. 

This is convenient both for estimation 
of ferrite content, if the composit ion 
of an alloy is known, or for selecting 
aim points for individual elements in 
calculating the charge for an alloy 
heat to meet a specified ferri te range. 

Whereas ferrite content was stated 
originally on the diagrams as " ferr i te 
percent", the standardized calibra
t ion procedure for magnetic measure
ment of delta ferri te recently adopted 
by the Welding Research Council 
(Ref. 3) designates such quantities in 
" ferr i te numbers". Al though closely 
related, there is some difference 
between former "ferr i te percent" and 
present " ferr i te number" values. 
Accordingly, the up-to-date version of 
the Schoefer diagram shown in Fig. 
A2 has been drawn to reflect this dif
ference. 

For an existing alloy, the ferrite con
tent can be estimated by calculating 
the composition ratio from the chem
ical analysis and entering the dia
gram horizontally at the proper level 
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on the ordinate to the point of inter
section wi th the curve. The corre
sponding probable range of ferri te 
number is then determined as fo l 
lows: 

1. A vertical line is drawn from 
this point to the upper and lower 
bounds of the scatter band; 
2. Horizontal lines are then drawn 
from these intersection points to 
the curve; 
3. From these points on the curve 
the ferri te number range can be 
read on the abscissa, as indicated 
inF ig .A2 . 

To calculate a charge for an alloy of 
the CF-8 type to have, for example, a 
ferrite number in the range of 10 to 
20, it is desirable to select aim points 
for the elements that w i l l achieve a 
composition ratio of about 1.265 
(read from the curve for 18 FN). The 
aim ratio should be on the high side 
of the desired ferrite range since it is 
easier to lower the ratio than to raise 
it after a preliminary chemical an
alysis prior to tapping the heat. The 
f inal ratio should be between 1.170 
and 1.260 (i.e., between indicated 
12.5 and 17.5 FN) in order to al low 
for uncertainties in the chemical 
analysis. The initial aim points, there
fore, might be as fol lows: 

Cr equivalent 

Cr 20.00 x 
Si 1.00 x 
k 

20.00 
1.50 

-4.99 
16.51 

Ni equivalent 

Ni 
Mn 
C 
N 
k 

7.50 
0.80 
0.06 

(0.04-0.02) 

1.0 
0.5 
30 
26 

Composition ratio 
16.51 

12.99 

= 7.50 
= 0.40 
= 1.80 
= 0.52 
= 2.77 

12.99 

1.271 

If the prel iminary analysis shows: 

Cr 
Si 
K 

20.50 
1.20 

1.0 = 20.50 
1.5 = 1.80 

= -4 .99 

17.31 

Ni 
M n 
C 
N estimated"1" 
k 

7.35 
0.88 
0.04 

1.0 
0.5 
30 

= 7.35 
= 0.44 
= 1.20 
= 0.52 
= 2.77 
12.28 

NICKEL EQUIVALENT 
SCALES 

3 2 

PERCENT 
FERRITE 

Coordinates of 

Schaeffler 

Diagram 

^ Transformed 

Coordinates 

16 18 2 0 2 2 2 4 26 28 3 0 3 2 

I I I I I I l 

CHROMIUM 

EQUIVALENT 

SCALES 

20 22 24 26 28 

Fig. Al — Area of Schaeffler Diagram included in Schoefer Diagram. Transformation of 
coordinates makes the ratio of chromium equivalent to nickel equivalent to a constant for a 
given ferrite percentage 

1.600 

1.500 

1.400 

5 .200 

I. I 00 

1.000 

0.900 

z 

Z Scatter band due to uncerta 

Z fc 

= 

z 

2 

— 

— 

z 

z 

z 

z 

= 

7 / 

1 1 1 

inty 

chemical analysis determinations 
r individual elements 

I I I I 

N 

M M 

Cr 

1 I M _ 

e= %Ni H 

e = %Cr 

M l 

• 30 x % 

26 (%N 

1- 1.5 x % 

i- % C D -

l l l l 

C t 0.5 x 

- 0 . 0 2 ) + 

Si + %M 
4 . 9 9 

1 1 1 1 -

% M n 

2.77 

0 

I I I I 

-

E 

z 

z 

z 

I 

2 

z 

z 

z 

2 

z 

z 

I I I I " 

10 15 20 25 30 

FERRITE NUMBER 

35 4 0 45 50 

Fig. A 2 — Constitution diagram for estimation of ferrite content in stainless steel castings 
within the composition range of 16 to 26% chromium, 6 to 14% nickel, 0 to 4% moly
bdenum, 0 to 1% columbium, up to 0.30% carbon, 0.15% nitrogen, 2.00% manganese, and 
2.00% silicon 

Composition ra t io : 
17.31 

12.28 
1.410 

+Nitrogen is seldom available in preliminary analyses, 
but usually can be estimated satisfactorily from ex
perience with the same alloy type and melting practice. 

The ratio can now be reduced to 
below 1.260 — the top l imit indicated 
above — by increasing the nickel con
tent. Because nickel recovery is vir
tually 100%, this is a quick and 
straightforward ca l cu la t i on . The 
value of the ratio for 15 FN (the mid

point of the required range) is 1.215, 
so the nickel equivalent in this case 
should be: 

or nickel should be added to increase 
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the nickel percentage (by 14.25 -
12.28 = 1.97) from 7.35 to 9.32%. 
This wi l l bring the nickel content 
w i th in the range (8-11 %) specified for 
the CF-8 alloy type. For a 1,000 lb 
heat, therefore, the nickel addition is 
quickly determined to be 

19.7 
(1 .00-0 .093) 

= 21.7 1b 

For alloys wi th carbon contents in 
excess of 0.20%, it is practically im
possible to avoid the formation and 
retention of chromium carbides in 
castings of normal wal l thickness. 
Even after holding at solution temper
atures of 2000-2100 F fol lowed by 
water quenching, castings of the CE-
30 type (26-30Cr, 8-11 Ni, 0.30 
max C) wi l l have some of the carbon 
combined w i th chromium and, as a 
result, wi l l have a higher ferri te con
tent than would be indicated by 
consideration of only the amounts of 
each element in the composit ion. A l 
though approximately 17 t imes more 
weight of chromium than of carbon is 
tied up in chromium carbide, bound 
chromium reduces the composit ion 
ratio numerator on only a one-to-one 
basis whereas bound carbon reduces 
the ratio denominator thir ty-to-one. 
Thus, to the extent that chromium car
bides are present, the composition 
ratio, and hence the ferrite content, is 
increased. 

In as-cast structures, coring occurs 
and substantial amounts of chromium 

carbides are formed. Accordingly, 
wide variations in ferri te content can 
exist in different areas of as-cast CE-
30. This explains the high ferrite of 
specimen K2 of the Ohio State Uni
versity series of varied ferr i te-content 
specimens examined by Mossbauer-
effect spectroscopy, as shown pre
viously in Table 3. If the composit ion 
ratio is computed for the unadjusted 
chemical analysis of that specimen 
(Table 1), the chromium equivalent is 
25 .31 , the nickel equivalent is 23.12, 
and the ratio 1.095, which gives an 
indicated ferri te content of 6-10% 
(Table 3), or 7-11 FN. If al lowance is 
made for chromium carbide forma
tion tying up 90% of the available 
carbon, the Cr and Ni equivalents 
would be reduced respectively to: 

25.31 - 17 x 0.27 = 
25.31 - 4.59 = 20.72 and 
23.12 - 30 x 0.27 = 
23.12 - 8.10 = 15.02 

The composition ratio, therefore, 
would be 20 .72 /15 .02 = 1.379, and 
the indicated ferrite content 23-29 
FN. From Table 3 the average ferrite 
content of this heat determined 
metallographically at Ohio State is 
46%! 

If all the carbon and all but 0.02% 
of the nitrogen were combined in 
chromium carbides or carbonitrides, 
i t is read i l y s e e n t h a t t h e Cr a n d Ni 
e q u i v a l e n t s r espec t i ve l y could be fur
ther r educed to : 

20.72 - (17 x 0.03 + 8 x 0.10) = 
20.72 - 1.31 = 19.41, and 
15.02 - (30 x 0.03 + 26 x 0.10) = 
15.02 - 3.5 = 11.52 

A composition ratio of 1.685 would 
result wh ich would indicate a ferrite 
content in excess of 45 FN, so that by 
segregation during solidif ication it 
appears quite possible for ferri te in 
the quantity observed [48.7 FN] for 
specimen K2 (Table 3) to occur. 

A current research project spon
sored by the Alloy Casting Institute 
Division, Steel Founders' Society of 
America, at Ohio State University is 
now being directed toward elucida
t ion of the influence of cooling rates 
on the occurrence of ferri te in austen
itic castings. The effects of subse
quent heat treatments on the diffu
sion of the elements and the solution 
of minor phases also wi l l be inves
tigated. 
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