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ABSTRACT 

This report deals with measuring the thickness of 

austenltic welA deposits on carbon steel pressure vessel 

walls, and describee the theoretical background of a magne

tic method characterized by a marked compensation of the 

undesirable effect of tx-ferrite content in the deposit on 

measuring accuracy of deposit thickness. The report also 

contains a description of the basic types of sensors and 

summarizes the results of comparing measurements performed 

on weld deposits of WBR-type reactor pressure vessels. 

1. IHTRODUCTIOH 

Carbon steel pressure vessels produced for chemical 

industry, power engineering, etc., must be often provided 

with austenltlc weld deposits on their surface. This is done 

with the aim of attaining corrosion resistance against hot 

water or chemicals, or to enable a weld joint with another 

austenitic component, e.g. a piping* The austenltic weld 

deposit is applied either in one or several layers (some

times with a preheating of the base material), and its thick

ness must be controlled both during the process of applying 

the deposit, and after its final machining. This control 

measurement involves measuring the thickness of the auste-

nitic weld deposits within a range from 2 up to 10-19 mm. 

At present, the thickness of the austenitic deposit is 

checked by mechanical,ultrasound, and magnetic methods. 
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2. METHODS OP MEASURING THE THICKHBSS OP DEPOSITS 

2.1. Mechanical methods 

Sliding measuring instrumente or depth gages are capable 

of measuring the deposit thickness in the course of the pass 

and only en the margin of «eld deposit layer. This method 

usually does not enable to measure the thickness of two or 

more passes (layers) at any point of the final work. This may 

be done by borings performed through the deposited layer up 

to the base material, the borings being thereafter filled by 

welding. This technique may be most easily used on test speci

mens having an undeposited strip along their edge, or there Is 

also possible to make cuts of a testing plate. Taken together, 

mechanloal measurement of weld deposit thickness is far from 

satisfying the requirements Imposed in all required situations 

and, which is most important, it cannot be considered to be 

a certificate measurement on the final work. 

2.2. Ultrasound methods 

enable to measure the thickness of the austenitlc weld 

deposit in the following two ways: 

a) from the side of the deposit by using a special ultra

sound sensor enabling to find the Interface between the weld 

deposit and the base material, so that deposit thickness may 

be found by means of this echo. Nevertheless, this practice 

has not been found satisfactory and has not found wide appli

cation. The echo obtained from the Interface is not sharp and 

reliable enough, which may be attributable to the facts that 

in applying the deposit the first aim is to obtain a flawless 

Interface, the interface is not planar, and there is only a 

small difference between the properties of the deposit and 

the base material* 

b) from the side opposite to the deposit, the ultrasound 

can measure wall thickness prior to and after deposit, with its 

thickness being determined as the difference of both measu

rements. This approach is rather sluggish and suffers all the 

drawbacks of a differential method (weld deposit thickness 

amounts usually only 3 - 8% of vessel wall thickness) but, 



- 3 -
thanks to a high level of ultrasound defectoscopy, it may be 
reliably used* As a consequence, the technical specifications 
for aufltenitlc weld deposit thickness control presented this 
technique as the main conclusive one. 

Nevertheless, it has several operational drawbacks: 
- measuring must be performed from the external surface 

of vessel wall which шау not be accessible at all points. 
* measurement may be carried out only in a preselected 

and not too dense grid of points in which the measurement 
must be performed prior to the weld-deposition proceeej if 
in the course of this process there arises the need to measure 
the weld deposit thickness also beyond this grid, e.g. due to 
a flaw repair in the weld deposit or due to some other manu
facturing deviation, the thickness cannot be found in this 
point reliably by acoustical means* 

- before measuring, the points to be measured must be 
prepared, e.g. by grinding, turning, etc* 

- during the first pass, the weld deposit thickness must 
be measured on the vessel preheated to 250*50 °C, but this 
cannot be accomplished with most of ultrasound probee when 
using immersion. 

• definition of weld deposit thickness as the difference 
of wall thickness measured by ultrasound prior to and after 
the weld-deposition process does not take into account the 
part of the deposited layer which has been formed due to a 
partial melting of the base material during applying the 
first layer of more alloyed material} this represents a mi
nimum thickness of 1 mm and it is systematically neglected 
in all vessels* In other words, this represents 10-20% 
wasting of the weld metal and it results only from the defi
nition of thickness and the principle of the measuring 
method* 

2*3* Magnetic methods 
Magnetic methods of measuring thickness of a non-magne

tic layer on a ferromagnetic base use the dependence (which 
is practically linear) of measured layer magnetic resistance 
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on layer thickness, and are based on the change of the mag
netic coupling between coils when using alternating magnetic 
field, or on the principle of force effects on an armature or 
swivel coil when using a direct current magnetic field. As an 
example of the first group it is possible to mention the 
instrument MONIMETR 2.094 (Institute Dr. Porster, BRD) mea
suring the thickness of lacquers or metallic non-magnetic 
layers up to 3 ma in four ranges (0 - 15 №, 10 - 70/^m, 
60 - 260 мш, and 250 - 3000 pm), or a similar British 
instrument called BLCOMETER, measuring up to a thickness 
of 9 mm* 

Also the Power Engineering Division of the ŠKODA WORKS 
in Plzeň has developed a thickness meter operating on this 
principle. Measurable austenitic weld deposit thicknesses 
range between 2 and 10 mm. Block diagram of the instrument 
is shown in fig. 1, while sectional view of the sensor is 
presented in fig. 2. 

The instruments based on magnetic methods may be usually 
designed in such a way as to be free of the drawbacks inhe
rent in ultrasound methods, i.e.» 

- measuring may be done directly from the side of the 
weld deposit layer 

- measuring may be performed at any point (except the 
very margin of deposited area) 

• measured point does not need any special preparation! 
the measured value corresponds to the highest point under 
measuring surface of the sensor 

• even a preheated weld deposit may be measured 
• this technique measures the actual mean thickness of 

the weld deposit Including the root penetration of the first 
pass. 

3. SPECIAL FEATURES OF MAGNETIC METHODS 
Nevertheless, using magnetic methods to measuring 

austenltlc weld deposit thickness involves a new problem. 
Using magnetic methods is based on the assumption that 
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measured "non-magnetic" layer, e.g. the austenitic weld 
deposit, when considered from the viewpoint of magnetic 
properties, is either diamagnetic or paramagnetic material* 
This is valid for all non-metallic materials as lacquers, 
enamels, glass, ceramics, artificial materials, etc., as 
well as for most of metals as aluminum, tin, zinc, copper, 
cadmium, chromium, silver, gold, etc. After proper austenitic 
annealing also pure austenite is a paramagnetic material with 
a relative permeability и « 1.00115*0.000057. But commercial 
technical austenite, especially that which is formed on ves
sel walls during the weld depositing process, always contains 
a certain amount of ferromagnetic components, mainly the 
delta-ferrite, so that such an austenite behaves partly as 
a ferromagnetic material, in dependence on the content of 
ferrite. During the weld-depositing process, this fact cannot 
be avoided. Technical specifications for the material of auste
nitic weld deposit to be applied on the walls of the carbon 
steel pressure vessels, stipulate - on the grounds of excluding 
the Initiation of cracks in the deposit - that the austenite 
forming the weld deposit layer contains ferrite in an amount 
of 2 - 8%. Measurements carried out on deposits performed 
on many pressure vessels have shown that on the same pressure 
vessel the ferrite content varies in the whole above-mentioned 
region, even if used electrodes and the technology of applying 
the deposit have been the same. Beyond this, the process of 
applying each other layer of the deposit represents for the 
preceding layer a certain kind of a partial and non-standard 
annealing whereby the ferrite content in the preceding layer 
is reduced. As a consequence, on the ready weld deposit we 
have an uncontrollable and immeasurable distribution of fer
rite along depth, and the same is valid for the relative per
meability /Vtr. For this reason it is not possible to calibrate 
a standard magnetic sensor of weld deposit thickness for a 
certain but constant amount of ferrite in the weld deposit 
metal. For instance, the sensor shown in fig. 2 has measured 
on a pure austenite (after austenite annealing) the weld de
posit thickness within ±0.2 mm, whereas on thermally non-
-treated weld deposits the same sensor has given thicknes
ses 1.5-2.5-times lower than real values, which is in con-
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formity with the value of initial relative permeability of 

the weld deposit (^ » 1.2 up to 2.5)» 

The problems mentioned above may be solved using the 

course of the weld deposit austenite magnetization curve, or 

directly from the dependence of its relative permeability on 

the Intensity of magnetic field. On the basis of measured mag

netic properties of austenite steels (in conformity with /1/ 

and /2/) there has been plotted in fig. 3. the dependence of 

relative permeability of austenite containing 0, 2, 4, 6, and 

8% ferrite on the intensity of magnetic field in the region 

of (0.1 - 2.5).10 A/m, dashed values being obtained by extra

polation of measured figures. Presented characteristics suggest 

that by saturating the weld deposit layer by uniform magneti

zation, the permeability of the weld deposit material approa

ches that of a diamagnetic material Independently on the con

tent of ferrite. Therefore, the recurrent permeability for 

low-intensity alternating magnetic field becomes independent 

on the ferrite content, thereby enabling to measure the weld 

deposit thickness by means of the magnetic method mentioned 

above. Fig. 3 suggests that for achieving this state it is 

necessary to use extremely intensive magnetic fields (over 

3*10° A/m). Nevertheless, for measuring accuracy of ±5% (for 

a non-uniform and unknown ferrite content of 2 - 8%), i.e. for 

Í55S of relative permeability ^ f it is sufficient to create 

in the measured austenite layer a field of (5-6) «10* A/m» 

(Pig. 3 also presents, for illustration, the values of magne

tic field intensity H(A/m) for which the value of relative 

permeability Д, changes by «10%, *2.5%. and *1*4% for the ease 
dispersion of ferrite content). 

If the backward magnetic flux closes the auxiliary pole 
extension having a surface approximately ten times nigher than 
that of the measuring pole extension, then measuring the auste
nite weld deposit thickness up to 15 mm requires a magnetosotorl 
force U„2(l + 0.1) x 0.015/m/ x é-loVg-/» 104 A, A field with 

a cross section whose effective diameter exceeds a little the 

weld deposit thickness (in order not to unduly reduce the 

field intensity in the measured point by leakage) may be ob

tained using a coll of acceptable slzo weighing some 2 - 3 

kilograms* 
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4. WELD DEPOSIT THICKNESS METER WITH SUPPRESSION OP 

PERRITE EFFECT 
The above-mentioned principle /3/. /4/ underlie several 

typee of sensors and supplementing processing devices which 
have been developed and tested in the Power Engineering 
Division of ŠKODA WORKS in Plzeň. Block diagram of such a 
meter ie presented in fig. 4. The processing devices are fed 
from the mains and contain a stabilized direct-current source 
(ISB * 5 - 10 A at approx. 20 V), a stabilized alternating 
excitation source (Ist » 0,25 A, approx. 15 V), and a source 
of reference voltage U » 5 V. Rectification of voltage from 
the measuring coil and its comparison with the reference vol
tage is performed using operating amplifier».. The instrument 
operates in two ranges, from 2.5 to 9 mm and from 7 to 16 mm* 

The sensor shown in fig. 5 is intended for measuring the 
weld deposits on planar, as well as on internal and external 
cylindrical or spherical surfaces up to a radius of 430 mm 
(internal diameter of the nozzles). 

The direct-current magnetisation circuit is formed by the 
main pole extension (1), coil core (2), and an a'*~iliary slida-
ble pole extension (3) which has a swivelling part for measu
ring on cylindrical and spherical surfaces, and a magnetisation 
coll (4)* The alternating measuring circuit consists of trans
former lamination pole extensions (5) sunk (embedded) into 
extension (1), and an excitation (6) and measuring coll (7) 
wound on a common frame (8)* 

The sensor presented in fig. 6 is Intended for measuring 
weld deposit thickness on deeply curved surfaces in the tran
sition from cylindrical pressure vessel to nozzles* Similarly 
as In the case of sensor shown in fig* 5, the direct-current 
magnetisation circuit passing through a large magnetisation 
coil Is made of soft carbon steel. 

The alternating measuring circuit is made up of a measuring 
pole extension consisting of a radially laminated layer (1), 
and a measuring (2) and an excitation coll (3), both the coils 
being again wound on a common frame (4). Auxiliary pole 
extensions (5) with a large contact surface can be hinged* 
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enabling thereby measuring even on deeply-curved surfaces 
(as shown in fig. 6 by dashed lines). 

It is advantageous to use for each operating range of 
the meter a special sensor differing in the else of extensions 
and colls, as well as by the magnetisation current* It is also 
possible to use a common sensor, but this somewhat impairs 
measuring accuracy on the range not intended for the sensor. 
Sensors shown in figs. 5 and 6 are dimensioned for a measuring 
range from 2.5 to approx. 9 mm. 

5. MBASURIHvi WELD DEPOSIT THICKHBS3 АУР ITS EVALUATIOI 
Measuring of thickness is performed from the side of the 

deposit by applying the sensor to the layer being measured. 
The auxiliary pole (oř poles) must be positioned in such a way 
as to enable the measuring pole extension to fit as closely as 
possible to measured layer, Independently whether the surface 
is planar, cylindrical, spherical or skew. From the curvature 
of the measured surface and the effective magnitude of measured 
area it is possible to determine the measuring error involved. 
After applying the sensor to deposit, the measuring instrument 
indicates the weld deposit thickness directly and immediately 
(after ten minutes of heating the Instrument and, In the case 
of need, its calibration on control plates). The measurements 
performed so far suggest that the basic accuracy of the instru
ment ranges within*7Jb of measured value. Kevertheless, If we 
use for the range 7 - 16 mm the sensor Intended for range 
2.5-9 am, the accuracy reduces to ±10%. These characteristics 
are valid for weld deposits containing ferrlte in conformity 
with the Units stipulated by technical specificatlone» i.e. 
2 - e%« for other ferrlte contents (0-2% and 8 • 10%) the 
accuracy will be impaired by some *5%. 

Due to the principle of the magnetic method and the design 
of sensor, the instrument gives the weld deposit thickness as 
the value L (fig. 7) I.e. as the distance of plane 0 which 
forms an outside envelope of peaks (irregularities) on deposit 
surface within the range ofmeasurlng pole extension, and the 
mean Interfacing surface S between the weld deposit and the 
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base material* As a consequence. L includes not only the maximum 
•alue of irregularities (or surface roughness, If,) on deposit 
surface (for machined surfaces ВЧ » 0), but also a mean value 
of root penetration, P. The root penetration is formed owing to 
a partial melting of the base material in applying the first 
layer, this melt being thereafter mixed with the material of 
electrodes during the first pass. According to measurements per
formed up to date, the mean value of P ranges within 1.0 and 
1*5 mm, roughness Ig within *0.5 and 0.8 mm /5/. Thus, the 
actual minimum thickness of the deposited laysr, N . , is by 
0.5 - 0*8 mm less than the value given by the magnetic instru
ment measuring on machined surfaces, but by 0.2 - 1*0 mm 
higher in comparison with the value given by ultrasound (Ъц.) 
obtained by a technique stipulated by current technical specifi« 
cation using the formula 

Lus • hi * V 
L n denoting total wall thickness after applying the weld de

posit, 
I>0 is Initial wall thickness (before weld deposit)* 

In calibrating the instrument using calibrated austenite 
plates containing 4 - 6 % ferrite and laid on a carbon steel 
planar plate, 1^ - I 2 • 0 (plates are ground), and because 
there is Involved no root penetration, reading of the instru
ment is set to the actual austenite layer thickness under 
ideal conditions* 

In the past years there have been performed measurements 
on various parts of several pressure vessels, full-else nos-
sle ring model, as well as on many testing plates by means of 
Instruments shown In figs* 5 and 6* The instruments have been 
performed in several hundreds of points and the results obtai
ned have been compared with those obtained by ultrasound and 
mechanical measurements carried out on specimens for metallur
gical research. The measurements and their statistical evalu
ation confirmed the design accuracy of the Instrument within 
*10* of instrument reading subject to ferrite content within 
2 - 8%, There have been simultaneously obtained the above 
mentioned values of P and 90« On the basis of these results 
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the Instrument has been Included into the program of measu

rements of reactor pressure vessel weld deposit thickness. 

Verification of the instrument proceeds on. 

6. CONCLUSIONS 

The availability of a simple, reliable and versatile method 

of determining the thickness of the austenite weld deposit both 

during Its applying and on a ready vessel, plays a very impor

tant role from technical as well as economical viewpoint. The 

requirements imposed on maintaining the prescribed thickness 

of the LWR pressure vessel anticorrosive weld deposit are very 

stringent. On the other hand, the material- and work intensi-

rity of the deposits increases profoundly manufacturing costs 

of the vessels. The uncertainties prevailing so far in reliable 

determination of deposit thickness in any point lead to the 

fact that the deposits are made with a certain reserve in thick

ness» which amounts to several millimetres in some places. 

Considered economically, 1 mm of austenite weld deposit 

thickness represents on the whole vessel more than 1 million 

crowns» A reliable, flexible and simple check of weld deposit 

thickness during the manufacturing process may markedly cut 

the expenses Involved* 
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1 - source of constant alternating current 
2 - magnetic sensor 
3 - processing circuit 
4 - indicating instrument 
FIQ.l. BLOCK DIAGRAM OP A MAGNETIC INSTRUMENT MBA3URING THE 
WELD DEPOSIT THICKNESS WITH NO COMPENSATION OP PERRITE 
CONTAINED IN AUSTENITE 
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measuring colls magnetic shunt magnetic circuit 
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Шл2. SECTIONAL VIEW OP A MAGNETIC INSTRUMENT MEASURING THE 
WELD DEPOSIT THICKNESS WITH NO COMPENSATION OP PERRITB 
CONTAINED IV AUSTENITE 



KG»?. RELATIVE PERMEABILITY /UT OF THE AUSTENITIC WELD DEPOSIT AS A 
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'1«Ш 



14 -

1 - magnetic sensor with direct-current premcgnetisation: 
a - magnetisation coll 
b - excitation coil 
с - measuring coil 
d - magnetic circuit 

2 - source of stabilized d.c« 
3 - source of stabilized a.c. 
4 - source of stabilized d.c. 
5 - precise rectifier and filter 
6 - processing and indicating Instrument 

magnetisation current 
excitation current 
reference voltage 

PIG,4. BLOCK DIAGRAM OP A MAGNETIC INSTRUMENT MEASURING THE 
WELD DEPOSIT THICKNESS WITH COMPENSATION OP PERRITE CONTAINED 
IN AUSTENITE 



1 - main pole 
extension 

2 - coil core 
3 • auxiliary 

slidable pole 
extension 

4 - magnetisation 
coil 

5 - lamination 
polt extension 

6 - excitation 
coil 

7 - measuring coil 
8 - coil 

frame 
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PIG, 5. ASYMMETRIC SENSOR OP PERRITE-COMPENSATED WELD DEPOSIT THICKNESS MEASURING INSTRUMENT 



1 <- radially laminated layer 
2 - measuring ooll 
3 - excitation coil 
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WG^é. SYMMETRIC SENSOR OP EEERITE-COMPENSATED WELD DEPOSIT THICKNESS MEASURING INSTRUMENT 
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