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ABSTRA.CT 

The magnetic sa tura t ion method can be used to de termine abso

lute delta f e r r i t e content of an austenit ic weld me ta l . This r epor t 

desc r ibes an apparatus based on above method that has been deve

loped at Reactor Research Cent re . With this apparatus f e r r i t e 

measu remen t s can be c a r r i e d out to an accuracy of + 1% fe r r i t e . 

The r epo r t a l so briefly reviews other methods of measur ing abso

lute fe r r i t e content. Resul ts obtained with the appara tus developed 

at RRC a r e compared with r e su l t s from metal lographic method and 

fe r r i tescope and from a s imi l a r equipment In another laboratory,, 
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1. INTRODUCTION 

Most austenitic stainless steel weld metals are produced 

to contain small amounts of delta ferrite in the weld in order to pre

vent cracking and microfissuring. It is generally considered suffi

cient to produce weld metals with greater than 3% ferrite to control 

hot cracking . However, in certain applications where fabricated 

stainless parts must operate at elevated temperature, say about 

550 C, the presence of delta ferrite could cause sigma phase forma

tion resulting in appreciable losses in impact strength and corro

sion resistance., In such cases, it is essential to impose a limit 

on the maximum delta ferrite content of the weld metal. For the 

Fast Breeder Test Reactor under construction at Kalpakkam, fer

r i te requirement in the stainless weld metal has been specified in 

the range of 2. 5 - 5. 5%. 

This report discusses the magnetic saturation method 

which can accurately measure absolute ferrite content of the weld 

metal. An apparatus based on this method developed at the Reac

tor Research Centre is described. The report also briefly reviews 

some of the other methods for determining absolute ferrite content. 

2. MEASUREMENT OF ABSOLUTE FERRITE CONTENT OF THE 
WELD METAL 

Certain properties such as high temperature impact 

strength and ductility of austenitic stainless steels have been found 
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(2) 
to l a rge ly depend on the overa l l f e r r i t e content of the weld me ta l 

Th i s is of pa r t i cu la r importance to components of a F a s t Reactor 

v/hich continuously operate at high t empera tu re (in the neighbour

hood of 550 C). The re is a need, the re fo re , to de te rmine and l imit 

the absolute f e r r i t e content of the weld. 

It has been, however , found that fe r r i t e dis tr ibut ion in 

a weld me ta l is quite non-uniform. In a 2. 7 mm GTA weld, for 

example , f e r r i t e was observed to vary from l e s s than 0„ 5% at the 

(3) 

root to m o r e than 7„ 5% at the face of the weld . Similar ly fer

r i t e content at the fusion zone with base me ta l i s sma l l and i nc re 

a s e s towards the cen t re of the weld. Because of th i s and because 

the c o m m e r c i a l magnetic ins t ruments generally used ( e . g . Magne 

gage, F e r r i t e scope e t c , ) read local f e r r i t e content and also 

depend on the s ize shape and orientat ion of fe r r i t e p a r t i c l e s , it 

is p rac t ica l ly impossible to de termine absolute f e r r i t e content 

with such ins t ruments . Some of the methods of es t imat ing or 

measur ing absolute f e r r i t e content of a weld meta l a r e briefly 

d iscussed in the following pa r ag raphs . Th i s is followed by a 

detailed descr ip t ion and d iscuss ion of Magnetic Saturation Method. 

2 . 1 . Constitution Diag rams for Determining F e r r i t e 

: The well-known Schaeffler d i ag ram r e l a t e s the chemica l 

composi t ion, by means of a chromium equivalent v e r s u s a nickel 

equivalent, to the expected f e r r i t e content in the weld me ta l . It 

was based on quantitative metal lographic m e a s u r e m e n t s and 
(4) 

some unspecified magnetic methods for f e r r i t e de terminat ion 

The accuracy of this method according to Schaeffler himself , is 

+ 4 pe r cent f e r r i t e especial ly in the lower range upto 5 pe r cent 

fe r r r te 
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De Long published an adapted d iagram mainly to empha-
(6) 

s i ze the ro l e of ni t rogen . The m e a s u r e m e n t s w e r e made by 

Magne gage with the cal ibrat ion curve cheeked by weld me ta l s a m 

ples in which the f e r r i t e content had been p r imar i l y de termined by 

quantitat ive metal lography. The accuracy of th is d i ag ram has been 
(7) c laimed to be + 3 per cent f e r r i t e . According to Ratz and 

(8) ~~ 

Gunia the? f e r r i t e percentage can be as high a s 2 to 3 t i m e s that 

predicted by the constitution d i a g r a m s , for f e r r i t e contents l e s s 

than 10%. 

2. 2. Quantitative Metallography 

On the assumption that the volumetr ic propor t ions of a 

t h r e e dimensional tes t specimen can be considered equal to p r o 

port ions viewed on a random two dimensional p lane, the f e r r i t e 

content can be m e a s v i e d by scrut in iz ing a plane. 

Metallographic m e a s u r e m e n t s a r e helpful, but they: -

a r e difficult to pe r fo rm accura te ly . The fineness of f e r r i t e p a r 

t i c l es and inherently different co r ros ion r e sponse s of f e r r i t e of 

varying ana lyses to different etching media , make an optimum 

etch r a t h e r difficult to es tabl ish and an accura te r e su l t difficult 

to obtain. Moreover , f e r r i t e is quite var iab le locally within the 
(7) 

bead and from bead to bead 

(8) 
According to Ratz and Gunia the p rec i s ion of th is 

method is l imited toH- 3% fe r r i t e upto 10% fe r r i t e and + 6% 

fe r r i t e from 10 to 24%. 

(4) 

According to Mudde, the quanti tat ive meta l logra

phic methods can only give va lues on an a r b i t r a r y sca le and 

the se values make sense only when given with a r e f e rence to 

the method used . 
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2.3. Mossbauer Method 

This method measures the relative amounts of austenite 

and ferrite phases on the basis of their magnetic properties, but 

in a way which is relatively independent of the shape, size and 

orientation of ferrite particles. 

In this technique, the sample containing ferrite is i r ra-
57 

diated by means of 14.4 KeV gamma rays emitted by a Co radio

active source. The scattered or transmitted radiations from the 

sample are detected by appropriately placed counters. The differ

ent phases in a metal give well resolved Mossbauer spectra (as 

observed on an oscilloscope connected to the spectrometer) and 

the relative areas of the spectral patterns provide an indication of 

the amount of each phase present. It is claimed that this method 

measures absolute ferrite content. This, is however, t rue for 

only a small portion of the sample that can be probed. (Sample 

thickness of only 100 microns can be normally probed). Consi

dering the variations in ferrite content in the thickness of a weld 

sample, it is felt that this method cannot give overall ferrite 

content of a weld metal. Moreover, it is reported that the pre

cision of the Mossbauer method is less than that of the magnetic 
(9) saturation method • 

2.4. Magnetic Saturation Method 

This is based on the following principle: The intensity 

of magnetisation at saturation of a sample of given composition 

is proportional to the quantity of magnetic phase (ferrite in this 

case) in the sample. 

In this method, a sample of specified dimensions from 

a weld metal pad containing ferrite is magnetized at different 
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field strengths varying between 1700 and 2500 Oe and the intensity 

of magnetization is measured at each field. From this data, the 

intensity of magnetization at saturation (Js) is determined by means 

of the following law which defines the relationship between J, 

the intensity of magnetization and H, the field strength. 

J = Js - cj where a is a constant 
ri 

Once Js is determined experimentally, the ferrite content can be 

found out by the following relation 
Js % Ferr i te = -=-, x 100 where Js 

Js1 is the intensity of magnetization at saturation for a 100% fer

romagnetic sample containing delta ferri te. This Js' is not at 

all equal to the saturation magnetization of pure iron, but essen

tially depends on the chemical composition of the ferrite present 
;ld n 
(12) 

in the weld meuai • Js' can be determined from the following 

formula 

Js' = 4TTU710 - 22. 6 x % Cr - 3 x % Ni) Gauss 

Chemical analysis of the weld metal for Cr and Ni con

tents is necessary for this purpose. 

This is a d estructive method in that an all-weld speci

men having specified dimensions of 4. 6 mm. dia x 110 mm long is 

required to be magnetized. This method has advantages over other 

magnetic methods in that it is independent of the form and size of 

ferrite particles and when the volume of the sample is sufficiently 

large, it is also independent of ferrite distribution. 

3. EXPERIMENTAL APPARATUS 

Figures 1 and 2 show the schematic arrangement of the 

apparatus. While designing the apparatus, the recommendations 
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of ASTM Standard A342 - 64 "Methods to de te rmine the pe rmeab i 

lity of feebly magnetic m a t e r i a l s " have been followed wherever 

appl icable . The appara tus cons is t s mainly of the following. 

(i) D„C. magnetizing solenoid: This is made of 5000 t u r n s 

of 15 SWG copper wi re wound on a fo rmer . Th i s has a 

length of 500 m m . and a length/dia r a t io of 6„ 

(ii) Tes t and compensat ing coi ls : These arewouiid on a 

g lass tube of 8„3 m m dia and have 1527 and 2066 tu rns 

respec t ive ly . These a r e kept inside the magnetizing 

solenoid, with the specimen positioned inside the t e s t 

coi l . 

(iii) Bal l i s t ic Galvanometer : This is used to m e a s u r e the 

magnet ic flux. 

(iv) T h r e e phase br idge rec t i f ie r : This provides d . c . power 

supply to the magnetizing solenoid, 

(v) Standard solenoid: This cons is t s of 500 t u r n s of 17 SWG 

copper wi re with a l eng th /d iameter r a t io g r e a t e r than 

20. A sea rch coil with 2000 tu rns is closely wound 

around the cent re of solenoid. Power is supplied to 

th i s unit from a ba t te ry bank. 

4 . PROCEDURE 

The value of effective a r e a t u r n s of the compensat ing 

coil is designed to be slightly higher than that of the t e s t coil 

and th i s value is adjusted by means of var iab le r e s i s t a n c e con

nected a c r o s s it to obtain a i r flux compensat ion. Th i s r e s i s 

tance is adjusted t i l l a galvanometer connected to the two coils 

in s e r i e s opposition does not defect upon r e v e r s a l of the solenoid 
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current . After the above adjustment, the specimen is introduced 

inside the test coil and the deflection now obtained upon reversal 

of solenoid current is proportional to the intensity of magnetisation 

(J). The value of magnetic field (H) may be measured or assumed 

proportional to the solenoid current (I) because demagnetization 
(: 

due to end effects will be negligible for a feebly magnetic material 

The ballistic galvanometer used is calibrated by means 

of the standard solenoid circuit to obtain the proportionality bet

ween its deflection and the flux linking a search coil having known 

number of turns (i. e. Wb Turns). 

The galvanometer deflection (d) is measured at six 

values of magnetic field (H) between 1700 and 2500 Oe after air-

flux compensation. A graph is plotted between d and 1/H, i . e . 

between d and 1/ I by least square fit and extrapolated to 1/1=0. 

The corresponding galvanometer deflection yiz. ds is propor

tional to the intensity of magnetisation at saturation, Js. Js is 

calculated from ds by referring to the galvanometer calibration 

and specimen diameter. From Js, per cent ferrite can be cal

culated as explained earl ier . 

5. RESULTS AND DISCUSSION 

Measurements have been carried out on a large number 

of specimens using this apparatus. These have been compared 

with the measurements made by other available methods such as 

metallography and Ferri tescope. Table-1 gives results of mea--

surements for some of these specimens. The purpose of this 

comparison is not to evaluate the results of magnetic saturation 

method in te rms of accuracy but rather to demonstrate the dif

ference between various other methods and saturation method. 
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This method is independent of distribution of ferrite which may vary 

a great deal from point to point within a specimen. The variation in 

ferrite at different locations can be clearly observed in the results 

obtained by metallography and ferritescope. It will be noted that in 

most cases , ferrite values measured by magnetic saturation method 

are much less compared to those determined otherwise. The results 

of saturation method are more nearer to those predicted by DeLong 

diagram which also gives overall per cent ferrite of the specimen. 

The readings obtained with this apparatus agree quite closely with 

those reported by a French laboratory, using a similar set up. It 

may be remarked here that measurements on 4 specimens of type 

347 weld metal deposited by electrodes from the same heat have 

given consistant results by the saturation method. In all these 

specimens ferrite was found to vary between 4. 5 and 5. 2% (See 

specimen No. 10 to 13 in Table-1). 

The saturation method of determination of delta ferrite is 
(8) 

an absolute method and does not need calibration , as it is based 

on measuring a fundamental property of the material of the sample. 

However, the present method makes use of certain equations for com

puting ferrite together with measurements of intensity of magnetiza

tion in the specimen. The intensity of magnetization at saturation is 

not actually measured experimentally because of the practical diffi-' 

culty to produce saturation using very high magnetic fields. Instead, 

measurements of intensity of magnetization are made for field strengths, 

varying between 1700 and 2500 0e, and from these the value of satura

tion intensity is obtained by the law of approach to saturation v i z . , 

J = Js - XT* According to Sulmont et al this law has been ver i 

fied by several measurements made on different samples of Cr-Ni 

steels for magnetic fields varying between 1300 and 3000 Oe. It is 

noted that beyond 1300 Oe, the intensity of magnetization increases 
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linearly with field strength and hence extrapolation to saturation is 

valid. An er ror analysis was performed to take into account the 

e r ro rs occuring in different measurements, those associated with 

the calibration of standard solenoid, in the construction of the 

equipment and in the use of equations. It has been estimated that 

the results can be accurate to + 1% ferrite or better, for ferrite 

contents lower than 5%. 

The apparatus is currently used for ferrite measure

ment necessary for qualifying welding procedures as well as weld 

test coupons of components of the Fast Breeder Test Reactor. 
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Table 1 

COMPARISON OF FERRITE MEASUREMENTS BY DIFFERENT METHODS 

SI. 
No. 

Weld meta l 

Magnetic satu
ra t ion method 

RRC 
DeLong Metallo-

F rench F e r r i t e s c o p e D i a g r a m graphy 
Laboratory 

Remarks 

1. 

2. 

4. 

Batox D electrode of 
D &H type 316 1.5% 

Each e lec t rode , 5 m m 
dia. batch No. 4498 2.5% 
type 316 

Esab e lec t rode , 3„15 m m . 
dia , batch No. 14509, 
type 316 3% 

INDX - D2 Advani 
Oerlikon electrode 
type 309 6% 

0.5% to 7% 
2% Avg. w: 4% 

3% 3. 7% to 6, 2% 
Avg. - 5% 

6. 5% to 7.8% 
4% Avg. - 7.3% 

13. 2% to 16.5% 
7% Avg. - 15% 

Fe r r i t e scope 
measurements 
made on 4. 6 m m . 
dia rod; curvature 
correc t ion appli
ed. Ari thmetic 
average of r ead 
ings taken at 5 
equidistant points 
on the 110 mm ' 
long specimen. 

5 . Type 316 

.6. Type 316 

6% 

3% 7.7% 

6.5% 

4% 

5.5% 

7 to 
10% 

Another agency 
reported 4%, 
method not known. 



Table 1 (contd.) 

SI. 
No, 

7 . 

8, 

9. 

10, 

11. 

12, 

13, 

Weld n 

Type 308 

Type 308 

Type 308 

Type 347 

Type 347 

Type 347 

Type 347 

Magnetic satu-
rat lon method DeLong Metallo-
Tswr- French Fe r r i t e scope r . . , 
R R C Laboratory D i g r a m graphy 

Remarks 

3% 

2.7% 

5% to 8.4% 

5% to 7% 

4% 

3,1% 

4. 6% 

5.2% 

4.5% 

4.6% 

6% to 8% 

12% to 15% on 
round rod 

14.2% to 16.5% 
on round rod 

15% to 18% on 
round rod 

16.5% to 18% 
on round rod 

-

8% 

9% 

8% 

le s s 
than 
8% 

6% to 9% 

16% 

10% 

2% reported by 
manufacturer 

5% to 6% with 
Fe r r i t ec to r 

8% to 9% with 
Fe r r i t ec to r 

13.7% by another 
ferr i tescope 

17. 3% by another 
ferr i tescope 

16% by another 
ferr i tescope 

16. 5% by another 
ferr i tescope 

to 
i 
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0-20 amps 

-HS> 
VARIABLE DC 
SUPPLY FROM 3 
BRIDGE RECTIFIER SWITCH 

ij> REVERSING 
EF 

GLASS 
TUBE 

CI 

f$m\ 
Rlf 

5—— 

NOTE 

R2 

CI —TEST COIL 

C2—COMPENSATING COIL 
R1 — FOR AIR FLUX COMPENSATION 

ADJUSTMENT. 
R2—FOR DAMPING ADJUSTMENT. 

BALLISTIC 
GALVANOMETER 

i 

FIG.1 MEASUREMENT CIRCUIT 



AMMETER 
0-2 amps. 

< & 
DC. SUPPLY 
FROM BATTERY 

REVERSING 
SWITCH. 
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FIG.2 CALIBRATION CIRCUIT. 


