
Measuring the Residual Ferrite Content of 
Rapidly Solidified Stainless Steel Alloys 

The ferrite content of mg-sized specimens can be determined 
using a vibrating sample magnetometer 
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ABSTRACT. Electron beam welds, laser 
beam welds and rapidly solidified stainless 
steel alloys have small physical dimensions 
and very fine microstructures. These char
acteristics prevent accurate measure
ments of the residual ferrite by conven
tional techniques. To overcome these dif
ficulties, a new technique for measuring 
ferrite is applicable to specimens that 
weigh as little as 5 mg and are less than 0.5 
mm (0.02 in.) thick. This technique uses a 
vibrating sample magnetometer to mea
sure the magnetic properties of a small 
specimen removed from the weld. This 
measurement can then be used to calcu
late the residual ferrite content of the 
specimen if the saturation magnetization 
of the ferrite is known. The saturation 
magnetization of the ferrite depends on its 
Fe content, and a method was developed 
(using thermodynamically created dia
grams) to predict the Fe content of the re
sidual ferrite from the nominal alloy com
position. The saturation magnetization of 
the residual ferrite was further determined 
as a function of its Fe content by measur
ing the magnetic properties of fully ferritic 
stainless steel specimens containing be
tween 50 and 80 wt-% Fe. This allowed 
the vibrating sample magnetometer to be 
"calibrated" for a wide range of stainless 
steel alloy compositions. The results of this 
study were used to show that the Magne-
Gage (and other ferrite-measurement de
vices) must incorporate the saturation 
magnetization of ferrite in order to accu
rately determine the residual ferrite con
tent of stainless steel alloys. Without this 
correction, a magnetic measurement of 
residual ferrite may be in error by as much 
as 25% from the true value. 
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Introduction 

The residual ferrite content of stainless 
steel welds can be estimated using empir
ically derived diagrams such as those de
veloped by Schaeffler (Refs. 1, 2) and De-
Long (Ref. 3). These constitution diagrams 
use the alloy composition to predict the 
amount of residual ferrite in the resulting 
weld microstructure, and are reasonably 
accurate as long as welds are made under 
conditions that are similar to those for 
which the diagrams were derived. How
ever, these diagrams are not accurate for 
nonstandard stainless steel alloy composi
tions (Refs. 4, 5) or for any stainless steel 
alloys that are solidified at cooling rates 
significantly different than those of gas 
tungsten arc welds (Refs. 6, 7). 

Because of these limitations, magnetic 
instruments such as the Magne-Gage and 
ferrite meters have been developed to 
measure the amount of residual ferrite in 
duplex stainless steel alloys (Refs. 8, 9). 
These instruments can be used to mea
sure the residual ferrite content of cast 
and arc welded stainless steel alloys con
taining between 65 and 70 wt-% iron. 
However, for alloys that are outside this Fe 
content range, the composition-depen
dent magnetic properties of the ferrite 
must be taken into account (Refs. 10, 11), 
and these corrections are not well estab
lished. 

The conventional magnetic instruments 
have an additional limitation resulting from 
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the uncertainty of the magnetic field gen
erated by the measuring probe. These 
fields are nonuniform within the volume 
of the material tested and do not uni
formly saturate the ferrite. Consequently, 
the instruments respond to the speci
men's magnetic permeability, which is not 
a material property. As a result, conven
tional magnetic instruments are sensitive 
to the orientation and shape of the resid
ual ferrite particles as well as to the geom
etry and volume of the specimen being 
tested. 

In order to reliably measure ferrite with 
these instruments, the specimen must be 
large enough to obtain the maximum 
magnetic attraction between the probe 
and the specimen. For these conditions, 
empirical relationships have been devel
oped to convert the magnetic readings 
into an equivalent ferrite content. How
ever, these measurements are only valid if 
the specimen exceeds some minimum 
physical dimension, which is about 10 mm 
(0.4 in.) for a Magne-Gage and other con
ventional magnetic instruments (Ref. 9). 
These instruments respond to smaller 
specimens in a way that gives a false value 
by averaging in the magnetic properties of 
the base metal. 

This limitation on the specimen size 
presents a problem for measuring the fer
rite content of high-cooling-rate welds 
and rapidly solidified alloys. For example, 
electron beam welds may be less than 1 
mm (0.04 in.) wide, pulsed laser welds 
may be only 0.25 mm (0.01 in.) deep, and 
rapidly solidified alloys have even smaller 
physical dimensions. It is impossible to 
measure ferrite content of these speci
mens using conventional magnetic instru
ments, so that only quantitative metallog
raphy (QTM) can be used to inspect these 
rapidly solidified microstructures. How
ever, QTM is not capable of accurate fer
rite determination in welded and rapidly 
solidified alloys because of the small size 
of ferrite particles in the microstructure. 

The recommended practice for mea
suring ferrite in stainless steel alloys is 
summarized in AWS document A4.2-86 
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Fig. 1 — A — Schematic drawing of the vibrating sample magnetometer, after Cullity (Ref. 16). B — A 
typical M-H curve for a two-phase stainless steel alloy containing about 15 wt-% ferrite. 

Table 1—Nomenclature Used to Describe the Magnetic Measurements 

Symbol Description 

CTF specific (saturation) magnetization of ferrite 
trs specific (saturation) magnetization of the specimen 
vr weight fraction ferrite 
PF mass density of ferrite 
4-7rMs saturation magnetization (4OTM$ = 4x<7spf) 
H saturation moment per atom 
H applied magnetic field 
M (H) field dependent magnetization 

Units 

emu/g 
emu/g 

g/cm3 

gauss 
Bohr Magnetons 
Oe 
emu/g or gauss 

(Ref. 8), which discusses the difficulties as
sociated with quantitative metallographic 
measurements of residual ferrite in welded 
stainless steel alloys. This document con
cludes that QTM is only accurate for 
measuring the ferrite content of castings 
that cool at slow rates. Because of these 
limitations, a new technique was investi
gated for measuring the residual ferrite 
content of stainless steel alloys using a vi
brating sample magnetometer (VSM). This 
method is not limited by specimen size 
and can be used to directly measure the 
ferrite content of rapidly solidified stain
less steel alloys. Furthermore, by calibrat
ing the VSM to account for the saturation 
magnetization of residual ferrite, the VSM 
can be used to accurately measure the 
ferrite content of nonstandard stainless 
steel alloy compositions. 

Experimental Procedures 

The Vibrating Sample Magnetometer 
Method 

The VSM measures the magnetic mo
ment of a specimen by oscillating the 
specimen in a magnetic field. The method 
is based on the change in flux when the 
specimen is vibrated within a detection 
coil, and is illustrated in Fig. 1A. The spec
imen is attached to the end of a quartz 
rod, which is fixed to a mechanical vibra
tor that oscillates at about 80 Hz. The mo
tion is perpendicular to the applied mag

netic field, and a small permanent magnet 
is also attached to the rod to act as a ref
erence specimen. Both the reference 
specimen and the unknown specimen in
duce an emf in their respective coils; the 
difference between the two signals is 
proportional to the magnetic moment of 
the unknown specimen. 

Figure 1B illustrates the output from a 
typical VSM run, and plots the magnetiza
tion (M) of the specimen in response to 
the applied magnetic field (H). The M-H 
curve can be used to determine the satu
ration magnetization of the unknown 
specimen. At high H fields, the ferrite sat
urates and the slope of the M-H curve de
creases to a low value. Extrapolating this 
"high-field susceptibility" to an applied 
field of zero gives the spontaneous mag
netization, <rs, which will be taken to be 
equal to the saturation magnetization. This 
parameter corresponds to the magnetiza
tion required to saturate the ferrite and is 
a material property. The units used to de
scribe the magnetization of the specimen 
are emu/g; this and the other units used 
to describe the magnetic measurements 
are summarized in Table 1. 

By calibrating the VSM with a specimen 
of known saturation magnetization, the 
VSM can be used to detect changes in the 
magnetization of less than 10 - 3 emu. The 
high sensitivity of the VSM is apparent 
since a single gram of ferrite in stainless 
steel alloys has a saturation magnetization 
of about 100 emu; hence, the VSM is sen

sitive to approximately 10 fig of ferrite. 
The saturation magnetization tests were 

performed by first calibrating the VSM 
with a pure nickel standard, then measur
ing the magnetic properties of the un
known specimen using the VSM. The 
stainless steel specimens consisted of thin 
wafers (~0.5 X 3 X 3 mm/0.02 X 0.12 
X 0.12 in.) weighing between 10 and 50 
mg. These specimens were prepared us
ing a low-speed diamond cut-off saw to 
minimize mechanical deformation of the 
thin wafers. The VSM tests were con
ducted by attaching the samples to a 
quartz holder using teflon tape and mea
suring the magnetization of the sample as 
a function of applied magnetic field vary
ing from - 1 0 kOe to +10 kOe in 200 Oe 
increments. The M-H curve was plotted 
from these data, and cs was determined 
from this curve using a graphical tech
nique. 

The amount of residual ferrite in the 
stainless steel alloy specimens was calcu
lated from its saturation magnetization us
ing the following equation: 

Up = 0"S/CJF (1) 

where cxf is the specific saturation magne
tization of the ferrite, <rs is the saturation 
magnetization of the unknown specimen, 
and vf is the weight fraction of the resid
ual ferrite. 

Therefore, if <rF is known, the residual 
ferrite content of the specimen can be 
calculated from a single M-H curve. The 
saturation magnetization of ferrite is a 
strong function of composition and must 
be estimated as discussed in the following 
sections. 

Alloy Preparation 

Two series of high-purity Fe-Ni-Cr ter
nary alloys were investigated. The first se
ries of alloys was developed with a con
stant Cr/Ni ratio and a range of Fe con
tents. These alloys were rapidly solidified 
by a melt-spinning process, which pro
duced fully ferritic specimens that were 
used to determine the influence of iron 
content on the saturation magnetization 
of ferrite. The second series of alloys was 
developed with a constant Fe content and 
a range of Cr/Ni ratios. These alloys were 
arc-cast to produce duplex microstruc
tures with different residual ferrite con
tents so that the VSM method could be 
verified for a wide range of stainless steel 
alloy microstructures. 

Melt-Spun Ribbons. The compositions 
of the alloys used in the melt-spinning 
process are listed in Table 2, which shows 
that the Fe content varies from 50 to 80 
wt-% and the Cr/Ni ratio is constant at 4:1. 
Ingots (25 g) of each of these composi
tions were induction melted from high-
purity elements (99.93 wt-% pure electro
lytic Fe, 99.94 wt-% pure carbonyl Ni, and 
99.56 wt-% pure electrolytic Cr), and then 
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Table 2—Compositions of the Fully Ferritic, 
Melt-Spun Alloys (wt-%) 

Fe Ni Cr Cr/Ni 

80.0 
75.0 
70.0 
65.0 
60.0 
55.0 
50.0 

4.00 
5.00 
6.00 
7.00 
8.00 
9.00 
10.0 

16.0 
20.0 
24.0 
28.0 
32.0 
36.0 
40.0 

4 
4 
4 
4 
4 
4 
4 

Table 3—Chemical Composition of the 
Arc-Cast Buttons (wt-%) 

Alloy 

1 
2 
3 
4 
5 
6 
7 

Fe 

58.2 
58.3 
58.4 
58.6 
59.2 
58.6 
59.2 

Composition 

Ni 

19.3 
17.3 
16.5 
15.8 
14.3 
13.7 
12.7 

Cr 

22.4 
24.3 
25.0 
25.5 
26.4 
27.6 
28.0 

a po r t i on of each alloy ingot p roduced 
was remel ted and rapidly solidif ied using a 
melt-spinning technique. Care was taken 
to minimize the selective vapor izat ion of 
elements by per fo rming the t w o melt ing 
operat ions in a partial pressure of argon 
gas and by minimizing the tota l t ime the 
alloys we re mol ten . Dur ing the test- ingot 
fabr icat ion stage, the total melt t ime was 
kept b e l o w 180 s. Dur ing the melt-spin
ning opera t ion , the total melt t ime was 
kept b e l o w 60 s. 

Rapid-solidif ication condi t ions we re 
used to p roduce fully ferrit ic specimens by 
suppressing the solid-state t ransformat ion 
of ferr i te. The resulting r ibbons measured 
about 2 m m (0.08 in.) w ide and about 25 
jum thick. These r ibbons w e r e est imated 
to have coo led at rates b e t w e e n 104 to 
1 0 5 ° C / s , based on the average r ibbon 
thickness (Ref. 12), and w e r e s h o w n to be 
fully ferrit ic by x-ray di f f ract ion (Ref. 13). 

The saturation magnet izat ion of these 
alloys was measured w i th three samples 
f r o m each r ibbon . These samples we ighed 
about 5 m g each, and the saturat ion mag
netizat ion was measured using the VSM 
technique. The ability o f the VSM to 
determine the saturation magnet izat ion of 
such small specimens ver i f ied its useful
ness fo r measuring the ferr i te content of 
stainless steel alloys solidif ied by high-en
ergy-density we ld ing and o ther rapid-so
lidif ication processes. For example, sam
ples much larger than the mel t -spun r ib
bons can easily be r e m o v e d f r o m electron 
beam and laser beam we ld fusion zones, 
and rapidly solidif ied powde rs or arc-splat 
foils can easily be examined w i t h the VSM. 

Arc-Cast Alloys. The nominal compos i 
tions of the arc-cast alloys are listed in Ta

ble 3, showing that these alloys contain 
about 59 w t -% Fe and have C r / N i ratios 
that vary f r o m about 1.1 t o 2.2. These al
loys we re p r o d u c e d for a separate study, 
wh ich s h o w e d that they w e r e coo led at 
rates of about C s (Ref. 13). This coo l 
ing rate p roduced duplex stainless steel 
microstructures w i th varying residual fer
rite contents that we re ideally suited fo r 
investigation w i th the VSM and other fer
rite measurement techniques. 

Results a n d D i s c u s s i o n 

The Saturation Magnetization Of Ferrite 

The saturation magnet izat ion o f ferr i te, 
af, is a funct ion o f its compos i t ion , wh ich 
presents t w o prob lems. First, in t w o -
phase stainless steel alloys, the ferr i te 
phase has a d i f ferent compos i t ion than 
the nominal alloy compos i t ion . Therefore , 
the compos i t ion of the ferr i te phase is not 
k n o w n a priori. Measur ing the compos i 
t ion by microchemical analysis techniques 
can be done , but is only practical fo r lab
ora tory exper iments. Estimating the c o m 
posit ion o f ferr i te is not a standard calcu
lation and requires thermodynamic calcu
lations. Second, magnetic theory can only 
predict df f r o m composi t ional data in cer
tain binary-alloy solid solutions; there fore , 
in more complex alloy systems, CF must be 
experimental ly de te rmined . This section 
discusses methods for calculating trF f r o m 
the ferr i te compos i t ion . M e t h o d s for p re
dict ing the ferr i te compos i t ion f r o m the 
nominal alloy compos i t ion wil l be deve l 
o p e d in the fo l low ing sect ion. 

Previous Investigations. Rigid-band the
ory can be used t o calculate the magnetic 
momen t o f an alloy as a func t ion o f c o m 
posit ion. H o w e v e r , this theory is only ac
curate for certain binary-al loy combina
tions (Ref. 14). This approach assumes that 
the saturation magnet izat ion of the alloy is 
related to the number , n, of (3d+4s) elec
t r on per a t om. For n values greater than 
about 8.3, there is g o o d agreement be

t w e e n exper iments and theory as long as 
the binary alloys consist of certain adja
cent elements o n the per iodic table. For 
nonadjacent elements or for n values less 
than about 8.3, simple r igid-band theory 
and exper iment do not agree. 

Figure 2 includes several Slater-Pauling 
curves, wh ich show the magnetic m o 
ment of the alloy versus n for binary-alloy 
systems. Ch rom ium and Ni are the t w o 
most impor tant alloying addit ions to stain
less steel alloys, and the curves indicate 
that: 1) addit ions o f Cr t o Fe-Cr alloys (sol
id circles) lowers the magnet ic m o m e n t in 
p ropo r t i on to the amount of Cr added ; 2) 
addit ions of Ni t o Fe-Ni alloys (open cir
cles) have little ef fect o n the magnetic 
m o m e n t at l o w concentrat ions, but the 
magnetic m o m e n t at high concentrat ions 
( > 15%) is decreased in p ropo r t i on to the 
amount of Ni in the alloy. Nontransi t ion 
elements such as Si and Al are also used in 
the processing o f stainless steel alloys. 
They tend to reduce the magnet izat ion as 
if the Fe atoms w e r e being replaced by 
atoms of zero magnetic m o m e n t (Ref. 14). 
For ternary and higher alloy systems, rig
id-band theory is not capable of accu
rately describing the magnetic momen t as 
a funct ion o f compos i t ion . 

O n e a t tempt to predict the effects of 
compos i t ion o n the saturation magnetiza
t ion of Fe-Ni-Cr ternary alloys was devel 
o p e d by Curtis and Sherwin (Ref. 15) and 
is based on the magnetic m o m e n t of the 
individual elements and a " ru le of mix
tu res" approach expressed by: 

47iM, = 4JT 
100 

0.22 
P C r (%Cr) 

„ PNi %Nl „ „ 
+ 0 . 6 ^ - + 2 . 2 

AN i 
X (0 .927X10" 2 0 ) 

A C r 

PFe(%Fe)> 

Are ) 

[gauss] (2) 

Here Aj refers t o the atomic we igh t of el
ement i, N is Avogadro 's number , and p\ is 
the density of e lement i. This equat ion 
predicts a saturation magnet izat ion fo r 
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Fig. 2 — Slater-Pauling curves showing the saturation magnetization for several binary alloy combi
nations, after Cullity (Ref. 16). 
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Table 4—Spontaneous Magnetization of Fully Ferritic Specimens 

Fe 
Content 
(wt-%) 

80 

75 

70 

65 

60 

55 

50 

Specimen 

1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 

M at 10 kOe 
(emu/g) 

168 
171 
176 
154 
158 
164 
141 
145 
147 
119 
119 
124 
106 
107 
110 
94 
98 

101 
77 
80 
81 

Cf 

(emu/g) 

165 
168 
172 
151 
155 
161 
138 
142 
144 
117 
117 
122 
104 
104 
108 
91 
95 
98 
75 
78 
79 

4irMs 
(gauss) 

16,100 
16,400 
16,800 
14,700 
15,100 
15,700 
13,500 
13,900 
14,100 
11,400 
11,400 
11,900 
10,200 
10,200 
10,500 
8,890 
9,280 
9,570 
7,320 
7,620 
7,710 

pure Fe to be 21,910 gauss and predicts a 
higher decrease in <rp for Cr than for Ni 
additions. 

Empirical relationships have also been 
derived to predict the saturation magne
tization of residual ferrite from the alloy 
composition. These relationships were de
veloped by measuring both crs and ferrite 
content of a large number of alloys, and 
calculating <rF from these results. One such 
relationship derived by Merinov, et al. 
(Refs. 10, 11), is the following: 

4rcMs = 21,600 - 275(%Cr) 

- 330(%Ni) - 280(%Mn) 

- 610(%Si) - 260(%Mo) 

- 670(%Ti)- 630(%Al)[gauss] (3) 

This relationship shows that crp decreases 
with the addition of all typical alloying el
ements in stainless steel alloys. The higher 
multiplication factors associated with the 
lower-density elements suggest that Equa
tion 3 is written in terms of wt-%; how
ever, the units are not specifically stated in 
Merinov's paper. 

Merinov's equation reduces to 4TTMS 

= 21,600 - 275(%Cr) - 330(%Ni) for Fe-
Ni-Cr ternary alloys. The multiplying fac
tors for chromium and nickel are similar, 
suggesting that the iron content of the 
ferrite is the principal factor in determining 
(TF in the ternary system. That is, for a given 
Fe content, <rF changes only a few percent 
for large differences in the Cr/Ni ratio. 

A comparison of Equation 2 with Equa-

zou 

200 

150 
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50 

-

I 

Fe(1.x Cr(4X/5) N 

I 

(x/5) 

^ \ 

' I ' I 

\ 
OF =313(Fe)-80 

I i 

' I ' 
Pure iron . 

-

-

-

i 

0.4 0.5 0.6 0.7 
Wt. fraction Fe 

0.8 0.9 1.0 

tion 3 for a chromium and nickel content 
representative of ferrite in high-alloy stain
less steels (35.5 wt-% Ni, 55.4 wt-% Fe) 
gives values of 13,600 and 8300 gauss, 
respectively, for <xf. This large difference 
could not be reconciled from the data 
provided by the investigators; therefore, a 
separate study was initiated to measure or 
as a function of chemical composition. 
The results of this study confirmed Meri
nov's empirical relationship (using element 
concentration in wt-%). 

Experimental Determination of the Sat
uration Magnetization of Ferrite. The 
VSM was used to measure the specific 
saturation magnetization of the fully fer
ritic specimens listed in Table 2. These 
specimens were produced by melt-spin
ning seven alloys that had different Fe 
contents but identical Cr/Ni ratios. The 
Cr/Ni ratio was held constant at 4.0, 
which is similar to that of residual ferrite in 
two-phase stainless steel alloys, and the 
different Fe contents allowed o-p to be 
measured as a function of Fe content in 
the ferrite. 

The results of these measurements, 
listed in Table 4, indicate that crp increases 
from 80 to 170 emu/g as the iron content 
of the alloy increases from 50 to 80 wt-%. 
These data are plotted in Fig. 3, and a lin
ear-regression analysis of these data was 
used to determine the following relation
ship (also plotted in Fig. 3) between up and 
the Fe content of the ferrite: 

CTF = 313(Fe) - 80 [emu/g] (4) 

Fig. 3 — Saturation magnetization of the fully ferritic melt-spun ribbons as a function of Fe content 
in the alloy. 

The specific saturation magnetization of 
ferrite, crp, was converted from emu/g to 
gauss using 7.77 g/cm3 for the density of 
the residual ferrite (Ref. 13). The <rp in these 
units is also reported in Table 4. A regres
sion analysis of these data gives the fol
lowing relationship between 47rMs and 
the weight fraction Fe: 

4aM s = 30,560(Fe)-7,810 [gauss] (5) 

These results show a decrease in or of 306 
gauss for each percent Fe that is replaced 
by Cr+Ni in these alloys that have a Cr/ 
Ni ratio of 4:1. 

Merinov's equation predicts a decrease 
in o-p of 275 gauss for each percent Cr and 
330 gauss for each percent Ni for each 
percent Fe that is replaced. Combining 
these data for stainless steel alloys with a 
Cr/Ni ratio of 4:1, Merinov's equation 
predicts a decrease in crp of 286 gauss for 
each percent Fe that is replaced by Cr+Ni. 
This value is similar to the value measured 
in this investigation of 306 gauss, consid
ering the differences in alloys studied and 
the differences in the experimental tech
niques. 

Predicting the Composition of Residual 
Ferrite 

The previous section developed a rela
tionship between the Fe content of the 
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ferrite and its saturation magnetization. 
This information is useful if the Fe content 
of the residual ferrite is known. Typically, 
however, the nominal alloy composition is 
specified but the specific ferrite composi
tion is not known. In this section, a proce
dure for predicting the Fe content of the 
residual ferrite from the nominal alloy 
composition will be developed so that the 
VSM and other ferrite-measuring devices 
can be calibrated for any stainless steel al
loy composition. 

The Cr/Ni Ratio of Ferrite. The com
position of the ferrite phase can be calcu
lated at a given temperature from the 
nominal alloy composition using thermo
dynamic modeling. Figure 4 illustrates the 
results of one such model by reproducing 
the 1200°C (2192°F) isothermal section of 
the Fe-Ni-Cr system from Chuang and 
Chang (Ref. 19). This figure shows the lo
cation of the equilibrium ferrite solvus, 
austenite solvus, and selected tie-lines in 
the ferrite+austenite two-phase field. 

By compiling the results of eight isother
mal sections between 900° and 1400°C 
(1652° and 2552°F) (Ref. 19), the equilib
rium composition of ferrite can be deter
mined as a function of temperature. These 
results are shown in Figs. 5 and 6, which 
plot the Cr content and the Ni content of 
the ferrite as a function of temperature for 
ferrite containing 50, 60, 70 and 80 wt-% 
iron. As the temperature decreases, the 
chromium content of the ferrite increases 
and the nickel content of the ferrite de
creases. Therefore, the Cr/Ni ratio of fer
rite increases with the decreasing tem
perature. 

The Cr/Ni ratio of ferrite as a function 
of temperature for these same alloys is 
plotted in Fig. 7. The Cr/Ni ratio of the 50, 
60, and 70 wt-% iron alloys are all similar 
for the temperature range examined. 
These values increase from about 2.5 at 
1400°C to about 7.5 at 900°C. For ferrite 
containing more than 70 wt-% Fe, the Cr/ 
Ni ratio is significantly higher than the 
other alloys and reaches a value of 19 at 
900°C. However, since most stainless 
steel alloys contain less than 70 wt-% Fe, 
the Cr/Ni ratio of the residual ferrite can 
be assumed to be insensitive to the alloy 
composition and depends primarily on the 
temperature. These results, combined 
with the previous observations regarding 
the insensitivity of op to the Cr/Ni ratio, 
indicate that the Fe content of the ferrite 
is the most important factor in determin
ing the saturation magnetization of ferrite. 
Therefore, a method was developed to 
estimate the iron content of the residual 
ferrite from the nominal alloy composi
tion. 

Estimating the Fe Content of Residual 
Ferrite. The isothermal sections were used 
to determine the Fe content of the ferrite 
and austenite as a function of tempera
ture. The ratio between these two quan
tities, R, is defined as: 

Ferrite 

Austenite 

Nickel (wt%) 

Fig. 4 — The ferrite + austenite two-phase field in the Fe-Ni-Cr system at 1200''C, after Chuang and 
Chang (Ref. 19). Tie-lines are indicated in the two-phase fields, which join compositions on the fer
rite solvus, F, with compositions on the austenite solvus, A. 

R = FeA/FeF (6) 

where FeA is the Fe content of the austen
ite phase and Fep is the Fe content of the 
ferrite phase. This ratio can be used to es
timate the Fe content of the ferrite from 
the nominal alloy composition. 

The ratio R was calculated from the Fe-
Ni-Cr isothermal sections of Ref. 19 and is 
plotted in Fig. 8 for ferrite compositions of 

50, 60, 70 and 80 wt-% Fe. This figure 
gives R for temperatures between 900° 
and 1400°C and can be used to calculate 
the range of possible iron contents that 
form in the residual ferrite for a given 
stainless steel alloy. 

The range of possible ferrite composi
tions that forms from a given Fe-Ni-Cr al
loy is illustrated in Fig. 9. Alloys that have 
compositions that lie along line segment 

900 1000 1100 1200 

Temperature (°C) 

1300 1400 

z 
UJ 

S 
o 
—I 
UJ 
> 
UJ 
Q 
• N . 

X o 
tr 
< 
UJ 
</> 
UJ 
CC 
h-
Z 
UJ 

2 
Q. 

o > 
UJ 

a 
o 
tr 
< 
u 
<n 
UJ 

tr 
H 
z 
a. o 
- J 
UJ 
> 
UJ 

a 
x o 
tr 
< 
UJ 
in 

Z 
Ui 
2 
a. o 
- J 
UJ 
> 

o 
tr 
< 
UJ 
tn 
UJ 
tr 

a. o 
- I 
UJ 

> 
UJ 

a 
---. x o 
tr 
< 
UJ 
tn 
UJ 
tr Fig. 5— Thermodynamic calculations of the chromium content in ferrite as a function of tempera

ture and iron content of the ferrite. 

WELDING RESEARCH SUPPLEMENT 1145-s 



900 1000 1100 1200 

Temperature (°C) 

1300 1400 

Fig. 6 - Thermodynamic calculations of the nickel content in ferrite as a function of temperature and 
iron content of the ferrite. 

AC are o n an i ron isopleth and are in the 
ferr i te+austeni te two-phase f ie ld. The fer
rite that fo rms f r o m these alloys has a 
range of composi t ions, thus a range o f 
i ron contents, that lie along the ferri te sol
vus, AB. This range of ferr i te composi t ions 
is b o u n d e d by the Fe content of the stain
less steel alloy at point A and by the tie-line 
end point at B. The max imum Fe content 
of the ferr i te, Fep(max), that fo rms f r o m this 
alloy is the Fe content of compos i t ion A, 
wh ich is the same as that o f the nominal 
alloy, Fen: 

content of the stainless steel alloy: 

FeF 
(min) — R(FeN) (8) 

FeF
( max) Fes (7) 

The min imum Fe content of the ferr i te, 
Fep(rnln), is the Fe content o f compos i t ion B, 
wh ich can be calculated f r o m R and the Fe 

Therefore , by know ing R, the range of 
possible Fe contents of the residual ferr i te 
can be calculated f r o m the nominal alloy 
compos i t ion . For typical stainless steel 
composi t ions, this range is relatively small 
( < 3%) because the tie lines are close to 
the Fe isopleth. 

The Effective Quench Temperature. 
The iron content of the ferr i te depends on 
the tempera ture at wh ich the ferr i te forms. 
This tempera ture can be pred ic ted by the 
ef fect ive quench tempera ture (EQT), the 
temperature at wh ich equi l ibr ium can no 
longer be maintained dur ing cool ing (Ref. 
18). The EQT is a funct ion o f cool ing rate 

20.0 

O 50% Fe 

• 60% Fe 

• 70% Fe 

• 80% Fe 

0.0 
900 1000 1100 1200 

Temperature (°C) 

1300 1400 

Fig. 7— Thermodynamic calculations of the Cr/Ni ratio of ferrite as a function of temperature and 
iron content of the ferrite. 

and is related to the solidif ication process
ing condit ions. Examples wil l be s h o w n 
later indicating that the EQT is approx i 
mately 1150°C (2102°F) for small castings 
that coo l at intermediate rates. At higher 
cool ing rates, such as those in welds and 
rapidly solidified stainless steel alloys, the 
EQT is closer to the melt ing tempera ture , 
wh ich is about 1430°C (2606°F) for these 
alloys. 

To estimate the EQT, the residual ferr i te 
content o f the arc-cast alloys was c o m 
pared to thermodynamic calculations. The 
compos i t ion of the ferr i te phase in these 
castings was measured using electron mi 
c rop robe analysis (Ref. 13), and these re
sults are listed in Table 5. The average 
composi t ion of the residual ferr i te in these 
alloys is 55.1 w t -% Fe, 8.7 w t - % Ni and 
36.2 w t -% Cr. 

For determin ing the EQT values, the 
ferri te solvus in the Fe-Ni-Cr ternary alloy 
system is p lo t ted in Fig. 10 for several 
temperatures b e t w e e n 1000° and 1350°C 
(1832° and 2462°F). These data are re
p roduced f r o m the isothermal sections by 
Chuang and Chang (Ref. 19), and show 
that the ferr i te solvus moves to Cr-r ich 
composi t ions as the tempera ture de
creases. The actual compos i t ion of the re
sidual ferr i te that fo rms in the 59 w t - % Fe 
alloys is located in this f igure, and it can be 
seen that it falls b e t w e e n the 1100° and 
1200°C (2012° and 2192°F) solvus t e m 
peratures. Therefore , the EQT for the 
arc-cast but tons was taken to be 1150°C. 
We lds and rapidly solidified alloys, wh i ch 
cool at higher rates, wil l have even higher 
EQT's, but these temperatures w e r e not 
de termined in this investigation. 

Verification of the VSM Method 

In the previous sect ion, methods w e r e 
deve loped to 1) est imate the EQT f r o m 
the solidif ication process, 2) estimate the 
Fe content of the residual ferr i te f r o m the 
EQT and the nominal alloy compos i t ion , 
using thermodynamical ly created dia
grams, and 3) calculate the saturation 
magnet izat ion of the residual ferr i te f r o m 
its Fe content . This a l lowed the VSM to be 
cal ibrated for a w i d e range of stainless 
steel alloys and solidif ication condit ions. In 
this sect ion, the VSM technique wil l be 
ver i f ied by measuring the ferr i te content 
of a series of high-puri ty cast alloys in 

Table 5—Average Compositions (wt-%) of 
the Ferrite in the Arc-Cast Buttons 

Casting Cr Ni Fe Cr/Ni 

1 
2 
3 
4 
5 
6 
7 

— 
35.4 
35.8 
36.2 
35.0 
35.1 
39.9 

— 
10.1 
9.2 
8.7 
9.3 
8.3 
6.3 

— 
54.5 
54.9 
55.1 
55.7 
56.6 
53.8 

— 
3.50 
3.89 
4.16 
3.76 
4.23 
6.33 
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Table 6—QTM Measurements of the 
Residual Ferrite in the Arc-Cast Alloys 1.00 

Cast 
Alloy 

1 
2 
3 
4 
5 
6 
7 

n 

-
6 
6 
6 
6 
6 
6 

s 

— 
0.74 
2.7 
1.9 
2.1 
2.9 
5.1 

Ferrite (vol-%) 

0 
5.35 

11.0 
14.2 
22.8 
32.4 
37.2 

which the ferrite content ranges from 0 to 
over 30 vol-%. 

Quantitative Metallography. Quanti
tative metallography (QTM) measure
ments were easily performed on the arc-
cast alloys (see Table 3) because of the 
relatively coarse microstructure of the 
castings. These alloys increase in ferrite 
content from Alloy 1 (0%) to Alloy 7 (37.2 
vol-%), and were metallographically pre
pared for QTM analysis according to Ref. 
8, using a KOH electrolytic etch. Micro
graphs from these specimens were ana
lyzed using a computer-assisted QTM 
system that has the ability to discriminate 
512 levels of grey. 

Metallographic sections were analyzed 
from each alloy to determine the vol-% 
ferrite. These measurements are pre
sented in Table 6, which gives the number 
of micrographs analyzed, n, and the stan
dard deviation, s, of the readings. The re
sults of these measurements show that 
the ferrite content of the cast alloys varies 
from 0 to 37.2 vol-%. 

Vibrating Sample Magnetometer. The 
VSM measurements were made on three 
samples from each cast alloy. Each spec
imen weighed approximately 50 mg and 
the room-temperature magnetic proper
ties of these specimens were measured to 
determine the saturation magnetization of 
the cast alloys. The M-H curves for the 
seven alloys are summarized in Fig. 11 and 
indicate that all of the alloys saturate at an 
applied magnetic field of about 4 kOe. 

Table 7 summarizes the saturation mag
netization measurements for all of the 
specimens, indicating that o-s varies from 0 
in Alloy 1 to 31.4 emu/g in Alloy 7. In or
der to convert these data into percent 
ferrite, the saturation magnetization of the 
residual ferrite in these alloys must be 
known. This was done by first calculating 
crp from the Fe content of the ferrite (de
termined from the thermodynamic calcu
lations), and then checking this value by 
calculating crp from the measured Fe con
tent of the residual ferrite. This compari
son was useful to verify the accuracy of 
thermodynamic calculations. 

The saturation magnetization of ferrite 
was first estimated from the EQT and the 
nominal alloy composition. Using an EQT 
of 1150°C for the castings and a nominal 

O 50% Fe 
• 60% Fe 
• 70% Fe 
• 80% Fe 

900 1000 1300 1400 

Rg. 

1100 1200 

Temperature (°C) 

I — Thermodynamic calculations of the ratio between the Fe content of ferrite to the Fe content 
of austenite, R, as a function of temperature and iron content of the ferrite. 

Table 7—VSM Measurements of CTS in the Cast Alloys and the Residual Ferrite Contents 
Calculated from the Average trs Values 

Cast 
Alloy 

1 
2 
3 
4 
5 
6 
7 

1 

0.01 
4.77 
9.08 

15.0 
20.8 
26.6 
30.2 

ITS 

2 

0.00 
4.02 
9.01 

14.6 
21.0 
26.3 
33.0 

(emu/g) 
3 

0.00 
4.13 
9.45 

14.7 
21.4 
27.4 
31.2 

Avg. 

0 
4.31 
9.18 

14.8 
21.8 
26.7 
31.4 

Residual 
(wt-%) 

0 
4.7 
9.9 

16.0 
23.5 
28.9 
34.0 

Ferrite 
(vol-%) 

0 
4.8 

10.2 
16.4 
24.0 
29.5 
34.7 

Ferrite solvus 

Austenite Solvus 

Nickel (wt%) •*» 

Fig. 9 — Schematic illustration of the phase equilibrium in the Fe-Ni-Cr system. The range of possible 
ferrite compositions lies along the ferrite solvus between points A and B for alloys with composi
tions between points A and C. 

WELDING RESEARCH SUPPLEMENT 1147-s 



a 1350°C 
b 1300°C 
c 1250°C 
d 1200°C 
e 1100°C 
f 1000°C 

Fe 

Nickel (wt%) 

Fig. 10-The ferrite solvus attemperatures between 1000° to 1350° C, after Chuang and Chang (Ref. 
19). The average composition of the residual ferrite in the cast alloys is plotted, indicating an EQT 
of about 1150°C for these conditions. 

~ 20 

4 5 6 

H (kOe) 

Fig. 11 —M-H curves at room temperature for the seven arc-cast alloys. 

10 

Fe content equal to the average of the 7 
alloys, 58.6 wt-%, R was interpolated to be 
0.945 from Fig. 8. Therefore, the possible 
iron contents of the ferrite in the arc-cast 
alloys range from 55.4 (R X wt-% Fe) to 
58.6 wt-%. Using these values, Equation 4 
shows o-p to be between 93.3 and 103.4 
emu/g. The actual value of cp would be 
expected to be close to the lower limit, 
93.3 emu/g, since two-phase stainless 
steel alloys have compositions closer to 
the austenite solvus than to the ferrite sol
vus. The relatively wide range of possible 
values of <TF is related to the low EQT of 
the castings and the high-alloy content of 
these stainless steel alloys. Typical stainless 
steel alloy welds with higher EQT's would 
have a much smaller range. 

The average Fe content of the ferrite in 
the cast alloys was measured to be 55.1 
wt-%, which is slightly lower than the 
nominal Fe content. The af, as calculated 
from Equation 4, for this measured value 
of the Fe content of the residual ferrite is 
92.5 emu/g, which compares favorably 
to thermodynamically predicted value. 

To convert the VSM measurements to 
wt-% ferrite, the saturation magnetization 
of the ferrite in these castings was taken 
to be the value from the measured Fe 
content (92.5 emu/g). Using Equation 1, 
the residual ferrite contents were shown 
to vary from 0 to 34.0 wt-%. These data 
are presented in Table 7, and must further 
be converted into vol-% in order to com
pare these results with QTM and the 
Magne-Gage. To do this, the density of 
ferrite and austenite were measured by a 
liquid-immersion technique to be 7.77 and 
7.97 g/cm3 , respectively (Ref. 13). These 
values were used to calculate the vol-% 
ferrite from the wt-% ferrite measure
ments using the following relationship: 

VF = vVp/[WF + (1 - WFXPF/PA) ] (9) 

where VF and WF represent the vol-% 
ferrite and wt-% ferrite, respectively, and 
PP and pA represent the density of ferrite 
and austenite, respectively. 

The vol-% ferrite was found to range 
from 0 to 34.7 vol-%, which compares fa
vorably to the QTM measurements. Al
though some differences exist between 
these two measurement techniques, the 
discrepancies are not large and are be
lieved to be caused by the small popula
tion size of the QTM measurements. The 
small number of samples inspected led to 
the relatively high standard deviations for 
several of the alloys. Because of this level 
of uncertainty in the QTM measurements, 
it is most likely that the VSM measure
ments are more accurate since they aver
age the ferrite content over a much larger 
effective area. 

Magne-Gage 

The two principal limitations of the 
Magne-Gage already discussed are: 1) the 
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specimens must exceed a minimum di
mension of about 10 mm (0.4 in.), and 2) 
the saturation magnetization of ferrite in 
nonstandard stainless steel alloys must be 
taken into account to accurately measure 
the ferrite content. The specimens from 
the arc-cast alloys were large enough to 
meet the thickness criteria; however, the 
composition of these alloys (Table 3) is 
nonstandard. Therefore, the readings re
quire corrections before they are com
pared to QTM or VSM measurements. 

The Magne-Gage was used to deter
mine the ferrite number (FN) of the cast 
alloys, which is defined by the force of at
traction between the magnetic probe and 
the specimen (Ref. 8). Higher ferrite num
bers correspond to higher ferrite con
tents. However, since the saturation mag
netization of these alloys is lower than that 
of the secondary standards that the 
Magne-Gage is calibrated against, the FN 
can not be directly converted into vol-% 
ferrite unless the saturation magnetization 
of the ferrite in these alloys is taken into 
account. 

Although the effect of ferrite composi
tion on the FN is often neglected, the sat
uration magnetization of ferrite can easily 
be incorporated in the Magne-Gage mea
surements to improve its accuracy for 
nonstandard stainless steel alloys. To do 
this, a relationship was derived to calcu
late the vol-% ferrite from the FN at a given 
(reference) ferrite composition. For alloys 
that deviate from this composition, the 
saturation magnetization effects can be 
used to convert the FN to vol-% ferrite. 

Kotecki (Ref. 20) measured the FN and 
the extended ferrite number, EFN, for a 
series of 15 cast alloys of CF8 and CF8M 
composition. The ferrite content of these 
alloys varied from 0.2 to 48.6 vol-% as de
termined from a point-counting technique, 
and a linear-regression analysis on these 
data gives the following relationship: 

40 

vol-%F = 0.7(FN) + 0.54 (10) 

where F refers to the residual ferrite, and 
the FN and EFN are asssumed to be equiv
alent measures of the ferrite content. 

The iron content of each alloy was re
ported by Kotecki and has an average 
value of 66.8 wt-% with a standard devi
ation of 2.1 wt-%; This nominal Fe content 
can be used to calculate the average Fe 
content of the residual ferrite that forms in 
these alloys, as previously discussed. From 
Fig. 8, R was determined to be 0.966 for 
these alloys at an EQT of 1150° C. There
fore, the range of possible Fe contents of 
the residual ferrite for these alloys is 
between 0.966 and 1.000 of the nominal 
Fe content of 66.8 wt-%. This gives a 
range of or values between 124.7 and 
129.1 emu/g, as determined from Equa
tion 5. These data were averaged to esti
mate the saturation magnetization of re
sidual ferrite in the CF8 alloys to be 126.9 
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Fig. 12 - Comparison of the ferrite measurements made on the arc-cast alloys by the vibrating sam 
pie magnetometer, Magne-Gage, and quantitative metallography techniques. 

emu/g. 
In order to convert the Magne-Gage 

measurements from FN to percent ferrite, 
the FN/EFN must be multiplied by the ra
tio of crp in the CF8 alloys to <TF in the alloy 
being measured: 

vol-%F = 0.7(FN) 0 )̂ + 0.54 (11) 

where of for the unknown alloy is in 
emu/g, and can be determined from 
Equation 4. 

The saturation magnetization of the re
sidual ferrite in the arc-cast alloys was 
measured to be 92.5 emu/g (9030 gauss). 
From this value, the FN measured on the 

arc-cast alloys was converted to vol-% 
ferrite using Equation 10. These results are 
summarized in Table 8 and indicate that 
the ferrite content varies from 0% to 38.3 
vol-%. These results also compare favor
ably to the VSM measurements. 

Comparison Between the Three 
Ferrite-Measurement Techniques 

Results of the three measurement tech
niques are compared in Fig. 12, where the 
percent ferrite is plotted vs. the Cr/Ni ra
tio for 59 wt-% Fe alloys. Ferrite content 
increases with increasing Cr/Ni ratio, and 
there is a good correlation between the 
three measurement techniques. 

Table 8-

Cast 
Alloy 

1 
2 
3 
4 
5 

6(a) 
7(a) 

-Magne-Gage 

1 

109 
90 
72 
52 
14 
63 
26 

Measurements and Calculated Ferrite Contents 

W D Reading 

2 

110 
90 
72 
49 
13 
67 
28 

3 

110 
89 
69 
51 
12 
69 
24 

Avg. 

110 
90 
71 
51 
13 
66 
26 

FN 

0 
4.9 
9.3 

14 
24 
30 
40 

Ferrite 
(vol-%) 

0 
5.2 
9.3 

13.7 
23.2 
28.9 
38.3 

(a) EFN 

Table 9—Comparison of the vol-% Ferrite as Measured by the Three Techniques 

QTM MG 
Cast 
Alloy 

1 
2 
3 
4 
5 
6 
7 

VSM 
% Ferrite 

0 
4.8 

10.2 
16.4 
24.0 
29.5 
34.7 

% Ferrite 

0 
5.4 

1 1.0 
14.2 
22.8 
32.4 
37.2 

A(%) 

_ 
12.5 
7.8 

-15.9 
- 5 . 0 

9.8 
7.2 

% Ferrite 

0 
5.2 
9.3 

13.7 
23.2 
28.9 
38.3 

A(%) 

— 
8.3 

- 8 .8 
-16.5 

- 3 .3 
- 2 . 0 
10.3 
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These data are summarized in Table 9 
using the quantity A to refer to the percent 
difference between the QTM (and 
Magne-Gage) measurements and the VSM 
measurements. The quantity A varies be
tween — 16.5% and +12.5% with an aver
age value of 0.37%, based on the twelve 
values used to compute these statistics. 
This amount of scatter is not unusual for 
ferrite measurements in welded stainless 
steel alloys, and there do not appear to be 
any consistent differences between A and 
the alloy composition for either of the 
ferrite measurement techniques. There
fore, it was concluded that each of the 
three methods gave similar results and the 
VSM technique can be used in place of 
conventional ferrite measurement tech
niques when sample size is too small or 
cooling rate is too high to give accurate 
conventional ferrite measurements. 

Conclusions 

1) The amount of residual ferrite in 
stainless steel alloys can be measured us
ing a vibrating sample magnetometer. This 
technique is not limited by sample size and 
can be used to measure the ferrite content 
of mg-sized samples taken from cast, 
welded or rapidly solidified stainless steel 
alloys. This measurement technique re
quires the determination of the saturation 
magnetization of ferrite, crp, and a method 
was presented to show how af can be 
calculated from the nominal alloy compo
sition. This method requires an estimation 
of the Fe content of the ferrite from ther
modynamically created diagrams, and an 
estimation of the effective quench tem
perature. 

2) The saturation magnetization of fer
rite was experimentally determined as a 
function of its Fe content. These measure
ments were made on a series of rapidly-
solidified Fe-Ni-Cr alloys, which had com
positions similar to that of residual ferrite 
and stainless steel alloys. The Fe content of 
these alloys ranged from 50 to 80 wt-%, 
which allowed up to be determined for a 
wide variety of stainless steel alloys. The 
saturation magnetization of ferrite was 
measured in emu/g to give the following 
relationship between <rp and its Fe content: 

of 313(wt-%Fe)-80 [emu/g] 

These data were then converted to gauss, 
to give the same relationship in these dif
ferent units: 

47rMs = 30,560 (wt-%Fe) - 7810 [gauss] 

3) The results of this study were used 
as a basis to calibrate the Magne-Gage (or 
any other magnetic instrument) for mea
suring ferrite in nonstandard stainless steel 
alloys, where secondary standards have 
not been established. By considering the 
saturation magnetization of residual fer
rite, the ferrite number (measured by the 
Magne-Gage) can be converted directly 
into vol-% ferrite for a wide range of 
nominal alloy compositions using the fol
lowing relationship. 

vol-%F = 0.7(FN)( 1 ^ — ) + 0.54 

where crF is the units of emu/g. 
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