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Recent experience in reactor pressure 
vessel manufacture 

The reactor pressure vessel is one of the main components of a pressure ••voter nuclear power plant and is particularly critical :o 
sawn. The manufacturer of a nuclear reactor pressure vessel must have a very high level ef quality rontrol to achieve the required 
mtearitv which is to be such that service failure can be discounted in ad possible circumstances. 

Achievement of integrity relies on many factors such as: a conservative design, sound aid tough m. 'rials, high quality of welding 
and cladding operations, the effectiveness and reliability of non-destructive testing. 

All factors contribute simultaneously to the integrity, as they influence the fracture toughness of the materials of construction, the 
inin.it defect si:e and the levels of applied service stress. Under no circumstances must any defect grow to the critical size which 
would cause rupture of the vessel in service. 

In this paper, f-amatome's recent experience in the manufacture of 1300 MW, pressurized water react - (PWR) reactor pressure 
vesiei iRPV ss is described to show how the very high standards of quality have been obtained to meet the stringent requirements. 

Fracture resistance properties of current forcings and welds made by the automatic submerged arc welding process, are such that 
all parts of the pressure vessel will remain in the upper shelf range associated with high resistances of fracture toughness and ductile 
crack propagation, for all circumstances where the metal is subjected to significant stress. 

Improvements of the internal qualities of welds are demonstrated by the very low number of recordable and unacceptable ultrasonic 
indications for every weld of each 1300 MWt RPV already manufactured by Framatome. The ultrasonic -xaminations were per-
formed mih very high sensitivity techniques. 

On the bore surfaces of RPV s two-layer stainless cladding is deposited by proven welding processes. Detail; are given of two major 
problems that have been overcome in recent years. These were hydrogen and reheat under-clad cracking. Th. crions taken to avoid 
the occurrence of such undcr-ciad cracks are described together with the essential quality assurance. 

Uttrasomc inspection procedures of the mam welds are described with a comparison of RCCM and S. *el! B specification 
requirements including threshold and acceptance criteria. Supporting data on the reproducibility and effectiveness of ultrasonic 
examination and on the reliability jtten by repetitive inspection are presented. 

INTRODUCTION 

French experience wiïh nuclear pressurized water 
reactor (PWR) pressure vessel design and fabrication 
began in the 1960s. The first 300 MW, reactor pressure 
vessel (RPV) was fabricated in Creusot-Loire shops 
and was completed in 196-i. By 1969. six vessel orders 
had been received, five from Westinghouse and one for 
Tihange I in Belgium which was a Ffamatome 
project. 

With the French decision in 1969 to begin a large 
nuclear programme based on the PWR, Framatome 
built two factories for the manufacture of reactor 
pressure vessels, steam geneiators and prcssurizers. The 
Creusoi shop was built in 1972-73 and the first reactor 
pressure vessel of Fesscnheim 1 was finished in this 
new shop in 1974. The Chalon shop was buiit in 
1974-75 and put into full operation in 1976. 

In mid 1977» work started on the fabrication of 1300 
MW, reactor pressure vessels, Table 1 gives the list of 
number and types of RPV built or being manufactured 
by Framatome. 

In the world, most nuclear pressure vessels, are 
designed, fabricated, examined and tested in accord-

Table 1 List of number and types of RPV buih or being 
manufactured by Framaiomc 

WeilinghouK Framaiomc Framatome 
2 loop 3 loop Hoop 

350-600 MW, 900 MW, 1300 MW, 

Total ordered 5 -M ~ZXT \3 
In manufacture — -—f 2. ~*W* 1O 
Delivered 5 -**- 3 3 - 5 - ,3 
Operating *• 25 — 

ance with the technical requirements of the American 
Society of Mechanical Engineers (ASM El Boiler and 
Pressure Vessel code Section III (rules for ihe construc
tion of nuclear power plant component). Both plants 
have been awarded the N stamp which has been 
renewed since. 

Since 1980, vessels have been manufactured for the 
French utility Electricité de France (EDF), and for 
some export orders, to the RCCM code of practice. 
The RCCM (règles de conception et de construction 
applicables aux matériels mécaniques) (or in English: 
the desig.i and construction rules for mechanical com
ponents of PWR nuclear islands) were issued in 
January 1980 and were applicable from that date. 

Generally, this code of practice embodies the techni
cal requirements of the ASME Code Secion 111, but 
many of the provisions of RCCM are more stringent 
than the ASME Code. 

Recently, Framatome received a design contract for 
the proposed Si2ewell B reactor pressure vessel. It is 
well known that for the Size we il B vessel very stringent 
requirements have been added to the ASME III 
requirements in the National Nuclear Corporation spe
cification. Framatome has shown that all thcic du'Ji-
tional requirements are already implemented in RPV 
current fabrication practice. 

DESCRIPTION O F THE REACTOR 
PRESSURE VESSEL 

Figure 1 illustrates schematically a PWR vessel 
arrangement. The vessel has to hold high pressure 
water, with arrangements for directing the water in and 



Penetrations for 
control rod drive 
mechanisms 

Fig. 1 PWR vessel arrangement showing water flow 

out and through the reactor core. The operating condi
tions are: 

operating pressure 15.5 MN/m* (2250 Ibf/in2) 
of water 

maximum waier 325'C 
temperature 

water flow through <i6SS kg/s 
each loop 

The primary coolct flows through the inlet nozzles 
and down between the vessel wall and the core support 
barrel. It then flows upwards through the core and 
through the outlet nozzles to the steam generators. 

There are smail penetrations in both upper and 
lower heads. The upper head penetrations are pri
marily for the con'rol rod drive mechanisms and they 
take the form of short stubs on which the mechanism 
housing is mounted. 

The whole structure ,~ supported on pads located 
under four of the main coolant nozzles, spaced at 90° 
intervals around the circumference. 

The refuelling process calls for the vessel to be 
opened to allow the upper internals and the core itself 

Fig. 3 Upper part of the reactor pressure vessel 

to be completely withdrawn, so the reactor vessel com
prises two parts, the lower part and the upper purt 
(Figs. 2 and 3). 

The reactor vessels are constructed from forgings 
and construction involves cladding and welding to 
each other the following major forgings (Fig. A); 

RR. 1 Lower pan of ihe reactur pressure vessel 
Fig. 4 Diagram illustrating the different major forijjnas to 

be dad anil weidsd >.o each other 



Table 7. Chemical analysis of CL 1300 MW, forgings fabricated with LRF 
C S P Si Mn Ni Cr Mo Cu Co V Al Su As 

UOIc m 0.160 o.oos 0.006 0.200 1.320 0.750 0.180 0.490 0.070 0.010 0.006 0.023 0.005 0.016 
analysis m - 2 0.150 0.002 0003 0.170 USO 0.720 0.160 0.460 0.050 0.009 0.003 0.010 0.002 0.010 

m + 2 0.170 0.008 0.009 0.230 1.390 0.780 0.200 0.520 0.090 0.011 0.009 0.036 0.009 0.022 
Check analysis m 0.140 0004 0.O07 0.210 1J30 0.730 0.170 0.490 0.060 0.010 0.010 0.005 
Mop of ingoll m - 2 0.110 0.001 0.004 0.180 1.230 0690 0.150 0.450 0.047 0.006 0.005 — 0.002 — m + 2 0.170 0.007 0010 0.240 1.430 0.770 a 190 0.510 0.073 0.014 0.020 0.008 
Check An.il)us m 0.150 0.005 0.007 0.200 1.290 0.720 0.170 0.480 0.060 0.010 0.020 0.005 
Ibotiom of ingoo m - 2 0.130 0.002 O.OOS 0.170 1.220 0.680 0.150 0.440 0.050 0.006 0.005 0.010 0004 » m J-2 0.170 0008 0.009 0.230 1.360 0.760 0.190 0.520 0.070 0.014 0.030 0.006 
RCCM specification" Udlc 0.20 o.oos 0.008 0.10/ 1.20/ 0.50/ 0.45/ 0.08 0.03 0.01 0.04 NS 
for core thell 0.30 1.50 0.80 0.2S 0.55 
lJ.ini..r» 19»: «Itiionl fumponenl 022 0008 0.008 0.10/ 

0.30 
1.11/ 
1.59 

0.50/ 
0.80 

0.25 043.' 
0.57 

008 0.03 0.01 0.04 

' M.ij/mum vj.'ue unless range is indicated. 

closure head dome eight nozzles for 1300 MW, RPV 
closure head fringe spaced around the 
shell flange circumference 
nozzle shell transition ring 
core sheils lower head dome 

Several main principles control the details of this 
assembly. A first principle is the avoidance of longitu
dinal welds, which leads to the use of ring forgings 
rather than shells fabricated from formed plate. This 
reduces the amount of welding and inspection. A 
second principle relates to the fact that defects are 
more likely 10 occur in welds than in the forging 
material All important welds arc therefore kept away 
from discontinuities to facilitate ultrasonic testing and 
IO avoid coincidence of welds and stress concentra
tions. 

MATERIALS AND FORGINGS PROPERTIES 

The forgings are made from low alloyed steel (a Mn-
Mo-Ni steel) the basic specification corresponding to 
the American Society for Testing and Materials 
(ASTM) 50SC13 specification. For French RPVs. 
50SC13 steel has always been used in preference to the 
508 CE 2 steel sometimes used by other fabricators. The 
main reason being that 508CI 3 is less susceptible to 
reheat cracking than 508 CI 2 (this will be discussed 
later). With respect to the standard ASTM specifi
cation, the RCCM specification includes many addi
tional requirements of which the most important are: 

1. Reduction in the upper limit of carbon content for 
improved weldability and overall ductility. The 
mean value of carbon content is 0.16 per cent (Tabic 
2), the maximum value being 0.184 per cent for all 
forgings supplied from Creusot-Loire Company. 

2. Specification of low copper, phosphorus and vana
dium contents of the parent material and any weld 
in the core region, to reduce the potential deterio
ration of property due to neutron irradiation. The 
RCCM (January 1982 edition) code specification for 
the core shell is indicated in Table 2. 

3. Low levels of impurity elements. 

Forgings supplier's experience in nuclear 
forgings fabrication 

These forgings are procured from Che Creusot-Loire 
neavy forge i.C-L) which has already produced: 

80 forgings for eight 
(300 and 600 MW () RPVs f 

468 forgings for thirty-nine 
(900 MW e) RPVs | 

291 forginas for nineteen 
(1300 MWJ RPVs 1 

839 nuclear 
forgings 

Forgings are manufactured by the conventional pro
duction route: 

(a) scrap melting and steel making in basic electric arc 
furnace; 

(b) steel refining and additions in a ladle refining 
furnace; 

(c) steel casting with vacuum degassing; 
(d) forging of the ingot; 
(e) normalizing and tempering; 
(0 preliminary machining; 
(g) quenching and tempering; 
(h) final machining. 

Crcusot-Loire uses high technology steel-making 
techniques including tr? latest development, (he intro
duction of a new refining step, in a ladle refining 
furnace (LRF), which allows gr:at improvements in the 
ability to limit the level of impurities in the product. 
Figure 5 illustrates the improvements in the decrease 
of the level of impurities (sulphur and phosphorus) and 
in the decrease of the dispersion of chemical analysis of 
the Torgings achieved due to the introduction of the 
ladle refining step in the steel-making process. Table 2 
gives statistical data of the chemical composition of the 
forgings produced by the ladle refining process. 

Properties of RPV forgings 
The principal quality requirements for RPV forgings 
are: 

(a) homogeneity of mechanical promues: 
(b) high internal quality and high inspectabtltty; 
(c) good weldability; 
(d) high fracture toughness and adequate strength; 
(e) high resistance to irradiation and ageing embrit-

ilemenl. 
The sizes of forgings for a RPV are such that large 

ingots have to be cast (around 200 tons for the nozzle 
shell). The process of solidification of these large ingots 
is such that chemical heterogeneities due to segregation 
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Table 3 Tensile properties of Ibrgings made by Crcusoi-Loirc 
20-C 343'C 

YS. MPI UTS. MPa El. 5d % RA. '•'. YS. MPa UTS. MPa El. 5d •/. RA % 
900 MW m 466 59S 24.5 69.5 406 564 21.9 64.4 
1300 MW 
wiihoul LRF 

m 
m — 2 
m + 2 

478 
447 
509 

610 
581 
639 

24 
21 
27 

71 
64 
78 

413 
388 
448 

$74 
543 
605 

22 
18 
26 

66 
55 
77 

1300 MW 
«1th LRF 

m 
m - 2 
m-t-3 

465 
432 
498 

602 
580 
624 

24.5 
24 
25 

74 
72 
76 

395 
363' 
427 

547 
524 
570 

21.3 
20.5 
22.1 

70.5 
68.2 
718 

RCCM 400 550/670 20% - - - -
Figure 6 presents Ihe reference temperature-nil duc

tility transition (RTNDT) data for the first 100 forgings 
(flanges, nozzles, shells) produced by Creusol-Loire for 
the 1300 MW, French RPV from which one sees that 
the mean value achieved is mean RTNDT - - 30°C. 
For recent forgings made (since 1981) by the advanced 
LRF steel-making process three RTNDT values 
already determined are: -32°C, - 3 2 ' G - 4 2 ' C , all 
below -JKC. - ti?"C 

For the belt line region of the RPV, the overall 
effects of fast neutron irradiation on the mechanic?.] 
properties of low alloy ferritic pressure vessel steels are 
well documented in the literature. A method for per
forming analyses to guard against fast fracture is pre
sented in Appendix 6, Section III of the ASME Code 
and in the Nuclear Regulatory Commission fNRC) 
Regulatory Guide (RG) 1.99. The method is based on 
the RTNDT. The shift in RTNDT as a function of 
neutron flux,/, copper Cu and phosphorus P predicted 
by RG 1.99 is given by: 

ARTNDT 

= [22 + 55o(Cu - 0.08) + 22 278(P - 0.008)]/ u l 

where/ is in neutron/cm2 units divided by 10". 
AH irradiation shift data available for forgings and 

welds are less than or equal to the corresponding value 
predicted by RG 1.99. From this it can be concluded 
that irradiation effects can be taken into account in 
fracture mechanics analysis, with great confidence, 
using the RG 1.99 relationship. Moreover, Framatome 
guarantees for the core shell forging of the RPV, 
Cu < 0.08 per cent and P « 0.008 per cent. Thus the 
irradiation efTect will be minimized, yielding for a 
neutron flux of 3 x 1 0 " n/cm J, a shift in RTNDT due 
to irradiation damage of -i-38aC. 

FABRICATION 

Nature and sequence of main fabrication operations 
The fabrication of the vessel involves two main oper
ations: 
(a) joining of the various components by welding, 
(b) cladding of the internal surface of the entire vessel. 

The main joining seam welds between the forgings 
(flanges, shells, heads and nozzles) are made by the 
automatic submerged arc welding process (ASAW). 
Penetraiions Tor intrumemation devices and control 
rod adaptation tubes are inserted in both upper and 
lower heads and are attached to these shell sections by 

inevitably occur and that defects such as slag inclu
sions and porosities are present in the ingot. 

The main purpose of (he forging process is to obtain 
from a plain ingot the final shape of the forgings. The 
forging process is carried out with a well defined 
sequence, in order to reduce the heterogeneity of the 
forging and to achieve high internal quality. In the 
current high quality ingots, defects encountered are 
mostly non-metallic inclusions, easily detected by ultra
sonic examination. The acceptance criteria of these 
defects guarantee that only very small inclusions are 
present in the final product. 

Mechanical properties of forgings 

For materials, two sets of mechanical properties count, 
tensile properties for sizing the RPV and resistance to 
fracture properties for integrity analysis. Table 3 gives 
statistical data on tensile properties of all forgings 
made by Creusot-Loire for the French 900 and 1300 
MW, RPVs. Table 4 shows Charpy impact energy 
values for the 1300 MW, forgings at 0°C and at the 
upper shelf. Compared with the RCCM and ASME 
requirements, shown on the same table, it can be seen 
that especially for the upper shelf, the Charpy impact 
energy values are much higher than the required 
values. 

| | Conventional process 

Advanced process 
(LRF) 

m»-30-8'C 
<n*2o--l6-5*C 
m-2o- -45 ' l 'C 
100 forgings 

Fig. 6 Histogram of TNDT Creusot-Loire forgings Tor 1300 
MW, RPV components (shells, flanges, nozzles) 
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Tabic 4 Charpy iinpaci values for 1300 M W , C L forgiiigs produced wi lh LRF process 

KOV U'C KCV OX KCV S0"C KCV 60-C KCV 60-C KCVO-C KCV 20"C KCV 44"C 
J/tin 1 J/cm' J/aii* I / t l i l ' J/cm" RCCM RCCM ASME 

axial direction langeiili.il direction axial direction axial direction tangential direction axial direction aiiii l direction 
Coie >liell S/C 
iilinl M — — 178 — 50 130 42.5 
II1UXI 271 — — 257 — — — — instil 164 272 — 216 262 70 — 51.2 

Noule >hel! S/U 
mini 96 — — 197 — so 90 — mail 205 — — 235 — — — — menu 169 220 — . 220 — 70 — — 

Flange/I' 
mini 120 — 196 181 — — 90 — muxi 292 — 2(H 220 — — — — mean 170 26-H 200 199 — — — — 

'damnum i 
mini MS — 195 — — — 90 — n u n 221 213 — — — — mean 178 255 204 — — — — — Ill O K SU AppcnJ.i b. tiurc .licit mjicrul 

Miniiiiuii. u|i|)c[ ilidf cncny - I'S J/tin1 

http://langeiili.il


manual arc welding (with covered electrodes). Butter-
- ing of the nozzles before welding of the safe end is also 

performed by manual arc welding. All ferrule welds are 
subjected to preheating and post-heating. After com
pletion of the vessel, the vessel receives a final heat 
treatment, to relieve the stresses introduced during the 
welding cycle. 

Cladding over the majority of the vessel inner 
surface is applied by ASAW with strip electrodes of 
60 mm width. Local areas (e.g., the inner radius of the 
main coolant nozzles) are clad using manual arc 
welding process. 

Preheating is used for all layers of cladding and is 
maintained throughout the process until post-weld 
heat-treatment is carried out, in order to avoid the 
possibility of cold cracking beneath the cladding. This 
has been the standard practice since 1979, after the dis
covery of some under-clad cracks in certain pressure 
vessels. 

Quality of welds: defects likely to occur in weld 
deposits and heat affected zones 
To facilitate fabrication and inspection, advantage is 
taken of machined ring forgings rather than plates for 
the shells of the vessel: 

(a) to avoid longitudinal welds and thus to reduce the 
amount of welding and inspection; 

(b) to perform girth welds between machined shell 
rings with very good circularity; this facilitates the 
butt welding of the shells and flanges and decreases 
incidence of weld defects. 

The process of joining two parts by welding is such 
that there is a volume of cast material between the 
components, with a different metallurgical structure. 
Furthermore, the characteristics of the heat affected 
2one (HAZ) in the base material adjacent to the weld, 
is affected by- the heal input of the welding process. 
Thus the metallurgical structure and properties of the 
HAZ are controlled by the thermal cycles and the weld 
bead deposit sequence. It is in the welds and heat 
affected zones that there is the greatest risk of defects, 
and their occurrence has to be reduced to the lowest 
possible level. 

Defects can be classified into two major types. 
welder/operator related defects and metallurgical 
defects. 

Welder/operator related defects: these are slag inclu
sions, lack of side wall fusion and lack of inter-run 
fusion, the former being the most common type. Their 
incidence is minimized by welder/operator training and 
by careful selection of welding consumables and 
welding process parameters. 

Metallurgical defects are various types of cracks that 
can be found in the weld deposit and HAZ. Sources of 
these defects arc: 

1. Solidification, liquefaction, hydrogen and reheat 
cracking in the weld deposits. Cracking in weld 
deposits is much less common than incidence of slag 
inclusions. 

2. Hydrogen and reheat crackings in the HAZ: to 
avoid hydrogen cracking in the HAZ, minimum 

Fig. 7 Prehearing performed with gas torches 

preheat and interpass temperatures must be speci
fied for the main seam and nozzle welds and post-
heating has to be performed to facilitate hydrogen 
removal from thick joints. With regard to reheat 
cracking in HAZ's of main welds, experience shows 
that it is unlikely to occur under the welding pro
cedures used in vessel construction for 508 CI 3 forg
ings. In an HA2 beneath a clad weld deposit, both 
hydrogen induced and reheat cracks, must be 
avoided during welding fabrication. 

From this brief presentation, it can be concluded 
that metallurgical defects, mainly hydrogen-induced 
and reheat cracks, are unlikely to occur when the fol
lowing measures arc applied: 

(a) good wettability of the base material (low carbon 
content as specified and achieved as it has been 
shown); 

(b) proper preheating and post-weld heat treatment 

Description of preheating and post-heating equipment 

Preheating and post-he3ting are required for all 
welding and cladding operations on the fern tic steel, to 
avoid hydrogen cracking in the HAZs. Usually, pre
heating is performed with gas torches. Figure 7 shows 
a large flange which is rotating while the torches are 
preheating the steel. This method of preheating has 
now been replaced by devices (or furnaces) made up of 
radiating elements, which provide a greater uniformity 



Fig. 8 Preheating furnace which bas replaced the gas 
torches for the preheaiing of the flange to be clad 

Fig* 9 Preheating furnace made of radiating panel.' "*d for 
cladding of the nozzle and core shells 

of temperature (Fig. 8). Figure 9, shows another pre
heating furnace made of radiating panels and associ
ated with the cladding of nozzles and core shells. 
Similar types of equipment are used for the preheating 
of shell rings and hemispherical heads. 

Description of the submerged arc welding process 
and procedures 

Description of the welding process 
For all main circumferential seams and nozzle to shell 
welds, a mechanized submerged arc welding process is 
used by Framatome. Compared with manual welding 
techniques, this process results in cost and time savings 
and a significant reduction in the number of defects 
found (e.g. sljg inclusions and lack of fusion defects). 
Only submerged arc welding with single wire is 
employed to limit heat input (heat input is the major 
parameter governing HAZ and weld deposit toughness 
and high heat input generally leads to lower 
toughness). Flux selection is another important par
ameter for weld quality. For reactor vessel welding 
only fused flux of low hydrogen potential is used. 

During the whole welding operation, the position of 
the welding head is monitored and corrected by a 

Fig. JD Cross-section of a weld test 

guiding device which permanently locates the wire in 
the correct position with respect to the sides of the 
chamfer. Reliability of the guiding process is such :!ut 
a narrow groove with sides parallel is used for all cir
cumferential welds. With these relatively narrow 
groove widths (around 2*1-26 mm), the amount of 
deposited weld metal is minimized. Furthermore, with 
a narrow gap groove, the number of beads per layer 
can be specified and easily achieved, thus improving 
the quality. 

Figure 10 is a cross-section of a weld test coupon 
representing a main girth weld of a 900 MW, vessel. 
Of special note are the two bead; across the width of 
the welds and their regularity. The shape cf the beads 
is thus easiiy controlled, decreasing the risks of lack of 
side-wall fusion and under-cutting. 

After complete filling up of the outer part of the 
groove, back removal of the root areas is performed by 
automatic grinding. The grinding wheel is such that 
the shape of the inside groove is adequate to avoid in 
the 5rst inner beads solidification or restraint cracking 
directly attributable to too narrow a join* configu
ration (i.e. too large a ratio of height to width). Such 
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Fig. U Circumferential welds (chronological order) 1300 MW, RPV. Ultrasonic indications: high sensitivity 

precautions and improvements have resulted in 
marked improvement in the quality of these circum
ferential welds-

Figure 11 shows clearly, for all circumferential welds 
of a 1300 MW, RPV, the improvements achieved since 
the beginning of fabrication of these vessels in 1977. 
For example, for the weld A/B between the flange and 
the nozzle shell course, six of these welds were made 
without any repair. For the weld C1/C2 between the 
two core shells, eight out of twelve welds were also 
made without any repair and even ihe number of 
recordable indications is very small. For all these 
welds, ultrasonic examination was performed with a 
very high sensitivity recording level [equivalent to 10 
per cent distance amplitude correction (DAC) ASME] 
and severe acceptance criteria. 

Sew welding equipment 

Recently, Framatome has acquired a new fully auto
matic welding machine, shown in Fig. 12. whose char
acteristics are the following: 

total height U.SOm 
total width 11.50 m 
way under platform 4.70-8.20 m 
way between columns 8m 

The characteristics allow the assembly of thick shells 
of very large diameter (from 1.5 to 7.5 m and thickness 
up to 350 mm). The welding is performed with an 
(ESAB) type heavy narrow gap (HNG) welding head. 
This welding head gives access to narrow, very deep 
joints with true or almost parallel sides from IS mm 
wide and 350 mm deep. Welding takes place with two 
beads in each layer. The welding head is constructed 
around a unique flat 14 mm thick welding nozzle. A 
reciprocating movement of the nozzle ensures posi
tioning of the wire alternately towards each side of the 
joint with an angle between the wire and the joint wall. 

With this head, a fully automatic welding process with 
accurate controlling of all parameters is implemented. 
An improved weld quality with a reduced number of 
defects is obtained thanks to: 

(a) the possibility of welding continuously right from 
the root through the last bead without any inter
ruption with the resulting risky starts/stops, 

(b) the concave shape of the bead, which means exact 
fusion to the joint wall and a reduced risk of slag 
inclusions. 

Continuous welding and narrow gap joints result in 
a major economic advantage in comparison with con
ventional welding method. 

All flux operations, flux baking, recycling and 
feeding are automatic; furthermore the welding cabin 
is afr conditioned. 

Welding of the reactor vessel nozzles 
For a 1300 MW, RPV, the nozzles are welded two by 
two, simultaneously on the nozzle shell. Figure 13 
shows diagrammatically both welding machines 
iGCRted in opposite nozzles, the upper machine being 
outside the shell and the lower machine mounted 
inside the shell. Figure 14 shows one of the welding 
machines in situ. The nozzles are welded using the sub
merged arc welding process for the inside and outside 
grooves. Only the first beads are made by m-irurl 
welding, but these beads are removed later by back-
machining. 

Figure IS shows the results of ultrasonic lests (UT) 
on nozzle to shell course we/ds. eight welds per vessel. 
For each weld, the number of recordable and unac
ceptable UT indications are given for the first nine 
1300 MW, RPVs. The improvement shown by the 
reduction of the number of recordable and unaccept
able ultrasonic indications is also clear for the later 
part of this series. Ultrasonic inspection of these welds 



Fig. 12 The new fully auiomatic weiding machine 

Fig. 13 Two welding machines located in the nozzles Fig. 14 The «dicing equipment of a nozzle to shell weld 
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Fig. If Nozzle to shell course welds (chronological order) [or nne 1300 M\Vt RPV, «ight 
welds per RPV. Ultrasonic indications: high sensitivity recording level 10 per cent 
DAC ASME 

i> also made with a high sensitivity recording level (10 
per cent DAC ASME) and severe acceptance criteria. 

These résulte show clearly the high standard of 
quality achieved in the welding operations. 

Description of the cladding process 

The stainless steel cladding on the inner vessel surface 
ib primarily provided to avoid the dean coolant water 
becoming contaminated -by corrosion products from 
ferntic material. Framalome uses two-layer cladding. 
The reason for applying a two-layer cladding pro
cedure is to obtain a stainless steel surface with a low 
carbon content, which will not be sensitized during the 
stress-relief heat treatment of the reactor vessel, ana in 
consequence not susceptible to environmental stress 
corrosion intergranular cracking. 

Cladding is applied by the ASAW process over the 
majority of the vessel inner surface usin^- strip elec
trodes of 60 mm width. Special attention is given to 
the cladding sur ace conditions. This urface is ground 
completely by an automatic machine. All interpass 
grooves are eliminated. This condition is essential to 
decrease corrosion products and their possible build up 
in an interpass groove. It also helps fo- in-se ; vice 
ultrasonic inspection which is performed from the 
inside of the vessel (i.e. through the cladding). 

A two-layer cladding procedure results in an overall 
thickness greater than 7 mm or the RPV shells and 
nozzles. This cladding thickness has implications for 
emergency and fault conditions. In the initial stage of a 
LOC't (loss of cooling accident), heat transfer between 
the cold emergency coolant and the clad surface is very 
great and heat transfer is mainly controlled by the 
cladding. With a cladding thickness of 7 mm, com
pared to a usual value of 4 mm, achieved with one-
layer cladding, the heat transfer is nearly half the 
value. The thermal shock on the ferritic material is 
thus reduced to a great extent. 

Under-clad cracking problem-: in RPVs 

In recent years two technical problems related to the 
presence of underclac defects occurred: cold hydrogen 
cracking and itrcss-reh-j: ior reheat) cracking. These 
cracks were locaied in the HAZ 
and were small in size. 

of the base material 

Cold hydrogen cracking 
When two layers of -rainless àieel are deposited on a 
ferntic steel, usually, only the first layer is deposited 
with preheating and posi-heating. And then, the second 
layer is deposited without preheating and post-heating. 
This was accepted practice and the procedure was .-on-
sidcred safe for me following reasons: 

1. The solubility of hydrogen is higher in stainless steel 
than in ferntic s seel. 

2. The deposition of the second layer of cladding pro
duces a 'emperins of the martensitic HAZ due to 
the first layer deposit (tempered martensite is not 
susceptible to hydrogen cracking). 

But, in fact, cracks were found and a metallurgical 
investigation showe-J mat they were hydrogen induced 
cracks due to the cold deposit of the second clad layer. 
Three factor-, were responsible for this cracking. 

First, during deposition of a layer of stamless steel 
with the high heat input of the strip cladding process, 
au underlying zone of base material is heated to a high 
temperature which generates an austenite transform
ation. Durt '•; cooling, this HAZ is transformed in mar
tensite. Deposition of the second clad layer produces 
another heating of the underlying base material indu
cing a new austeuiic transformation of part of the first 
layer HAZ {Fig. 16). On cooling, this new austenite 
zone is transformed into a martensite and is susceptible 
to hydrogen cracking. Defects are located in this HAZ. 

The second factor is the presence of hydrogen in this 
HAZ. During deposition of the second cladding layer. 
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Fig, 16 Hydrogen under-clad cracks. Typical location of 
defect in the HAZ wich a twe-iayer cladding 

some of the hydrogen remaining in the first layer dif
fuses into the newly formed austcnitc in the underlying 
base material and remains in that zone after cooling. 

The third main factor responsible for the cracking 
was the presence of segregated areas (ghost lines) out
cropping on the bore surface of the forging. All hydro
gen cracks were found in the-e segregated areas which 
were richer in alloying and impurity elements, and 
martensite formed in these segregated areas was more 
susceptible to hydrogen cracking than martensite 
formed in non-segregated areas of the base material. 

In the RPVs hydrogen cracks were found only on 
the bore surfaces of the nozzles. The maximum depth 
was 7 mm under strip cladding (Fig. 17) and 3.7 mm 
under manual cladding. Detailed stress analysis and 
crack growth analysis were performed in order to 
assess îhe harmfulness of these cracks. Although it has 
been shown th3t these defects were of no consequence, 
all affected vessels still in the shop were repaired. 

In order to avoid the occurrence of hydrogen under-
clad cracks, it was decided to carry out all cladding 
operations with preheating maintained throughout the 
whole cladding process until post-heating was carried 
out. Furthermore, although hydrogen under-clad 
cracks were found only on nozzles, these remedial mea
sures were extended to all components of the reactor 
pressure vessel. These measures and the two-layer clad
ding procedure, guarantee the absence of hydrogen 
under-clad cracks in all vessels now under construc
tion. 
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Fig. IS Location of rehear under-clad cracks with a one-
layer cladding 

Reheat cracking 
In spite of the fact that the multilayer .^chnique is 
recommended as a procedure to avoid reheat under-
clad cracking and also that the formic steel 
;SA508cl3) is known to have a low susceptibility to 
this type of cracking, Framatome has had to face the 
problem of reheat under-clad cracking. It was the first 
time rhat reheat cracks were found with a two-layer 
cladding process. These cracks were found on nozzles 
and aiso on associated shells. On the shells the density 
of cracks was very low (one defect per m : of deposit). 
The maximum depth of these cracks was very small, 
2.5 mm under-cladding deposited, with 60 mm strip, 
and 3.5 mm under-cladding deposited with 90 mm 
strip (this strip is no longer used!. Detailed studies 
were made of the origins of the defects, and it was 
established ;hat reheat cracking occurred when two 
conditions acted simul'.aneously: 

). the presence oi segregated area (ghost lines or A 
se^'egation lines) on the surface to be clad; 

2. thi. presence of a coarse grained HAZ of the base 
metal by the first layer of cladding (not refined by 
the second layer oi cladding). Due to the high heat 
input of the strip cladding process a layer of under
lying base material is heated to a high temperature 
which generates a coarse grain austenitic micro-
struciure near the fusion tine (Fig. IS). This coarse 
grain microstruc:ure is susceptible to cracking 
during stress relief heat treatment at around 600° C 
only if it corresponds to an area of segregation. 
Figure IS indicates the position of under-clad cracks 
when using i one-layer technique. 

However, the deposition of the second clad layer 
produces reheating or" the underlying base material to 
an intermediate temperature. This healing results in a 
new austenite transformation of the underlying base 
material, and a new line grain microstructure, much 
less susceptible to reheat cracking (Fig. 19). For this 
reason, two-layer cladding was considered as the pro
cedure to avoid reheat underclad cracks. But reheat 

Second layer 

First layer! 

HAZ second layer 

HAZ first layer 

Fig. 19 Two-la>er cladding and base metal HAZ structure 
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cracks were in fact found in two zones where a 
residual coarse grain heat affected zone was remaining 
after the two layer cladding process. 

Figure 20 shows ?ne location of reheat cracks under 
the lasr bead of :he first layer, the second layer being 
compieied by a manual welding process. In this case, 
the coarse grained zone of the HAZ of the first layer 
(strip cladding) was not refined during the deposition 
of the subsequent layer by .the manual arc process, 
because the heat input was insufficient to refine that 
zone. Figure 2Ï shows the second location of reheal 
cracks under the bead overlap of the second layer. This 
overlap was insufficient and a small susceptible area 
was left under the overlap. 

Corrective actions were then taken in order to avoid 
the recurrence of such reheat under-clad cracks: 

1. for type 1 defects, manual arc weld beads were 
deposited before the second layer of cladding (Fig, 
22); 

2. for type 2 defects, the overlap of the second layer 
beads was increased (see Fig. 23). 

Besides the metallurgical studies and measures taken 
to avoid these under-clad cracks, Framaiome has 
developed, qualified and validated an ultrasonic inspec
tion method for the detection and identification of any 
possible defects beneath clad welds. 

NON-DKSTRUCTIVE EXAMINATIONS 

Introduction 

Achievement of integrity is ensured: by conservative 
design, by careful fabrication, and by thorough non* 
destructive examinations (NDT) and testing. 

The final assurance of a low probability of sizeable 
defects existing in a finished vessel cannot rely solely 
upon the quality of fabrication but depends also on the 
effectiveness of the non-destructive examinations. In 
addition, during manufacture NDT is used to ensure 
that any defects are detected as early as possible in the 
fabrication sequence when they arc easiest and cheap
est to remedy. 

The techniques available for non-destructive exami
nations o( RPV welds and cladding are magnetic parti
cle, liquid penetrant, radiographic and ultrasonic 
inspections. Radiography is the traditional method for 
detecting embedded defects. For cracks, because they 
are planar, the source must lie within about 10° of the 
plane of the defect to allow them to be detected. Radi
ography has a most useful part to play in the range of 
inspections earned out during the fabrication of the 
key ferritic steel components. 

Ultrasonic inspection of welds during manufacture of 
PWR components is not required by the ASME Code 
Section III which specifies only the use of radiography. 
Ultrasonic inspection is, however, required by the 
ASME Code Section XT for in-service inspection and 
for pre-service inspection of a reactor pressure vessel. 
Current American practice includes, nevertheless, 
examination during manufacturing following the 
ASME Code Section XI, but generally at a higher 
sensitivity, preventing the late discovery of defects at 
the pre«service inspection. 

French practice, since the beginning of reactor press
ure vessel fabrication, has included ultrasonic exami
nation of welds during manufacturing with procedures 
and criteria more severe than the ASME Code Section 
XI requirements. Furthermore, Framatome has devel
oped and validated ultrasonic techniques and pro
cedures to detect small under-clad cracks. 
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Fig. 22 Elimination of reheat under-clad crack susceptible 
area: new procedure for las I bead of (he first layer 
claddms 

Ultrasonic inspection 

The capability of ultrasonic techniques (UT) to detect 
defects of concern is fully demonstrated. A high intrin
sic ability to detect a wide range of defects rests on: 

(a) the use of several probes and scans which intro
duce ultrasonic beams in many different directions; 

(b) the use of a high inspection sensitivity. 
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Fig. 24 Ultrasonic inspection before final heat treatment 
(RCCM) 

Fig. 25 Ultrasonic inspection after final heat treatment 
(RCCM) 

The lower the level of the reporting threshold, the 
higher the sensitivity. All signals exceeding this report
ing threshold are recorded. Moreover att signal ampli
tudes from defects are compared with (he signal 
amplitude of the reflector located at the same depth 
from the defect. 

The corresponding criteria for a thickness of 
205-254 mm obtained from the ASME and French 
Code reference reflectors are : 

S per cent DAC ASME (SDH* 9.5 mm) « 25 per 
cent DAC (SDH 2 mm) 

16 per cent DAC ASME (SDH" 9.5 mm) = 50 per 
cent DAC (SDH 2 mm) 

32 per cent DAC ASME [SDH* 9.5 mm) - 100 per 
cent DAC (SDH 2 mm) 

100 per cent DAC ASME (SDH* 9.5 mm) « 320 per 
cent DAC (SDH 2 mm) 

RCCM procedure requires examinations with 
straight beam, 45* and 60° angle beam probes. For 
each weld, ultrasonic inspections are carried out twice 
before cladding or after cladding and after final heat 
treatment. 

For a flange to noz2le shell weld and before clad
ding, the inspections are performed from both surfaces 
|Fig. 24). This figure shows the scanning directions for 
each probe. With 45° and 60* angle beam probes, four 
directions are scanned. The RCCM procedure uses a 
60~ angie beam special probe for dead zones on both 
surfaces. After final heat treatment, only inspections 
with a 60° angle beam probe in four directions are per
formed from the outside surface (non-clad) (Fig. 25). 

Figure 26 shows the inspections performed on all the 
other circular welds before final heat treatment. Inspec
tions are performed from the outside surface with 

* SDH - iKte drtlfefl hole 

Straigî't beam with DAC 
curve calibration 

Straight beam with DAC curve-
calibration (dead une) 

45", 60" angle beam —-~"" 
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60" angle beam, four -""*" 
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Fig. 26 Ultrasonic inspection before final heat treatment of 
circular welds (RCCMj 

straight beam, 45' and 60° angle beam probes in four 
directions. 

For the most difficult welds, (he nozzle to shell 
welds, inspections are performed before cladding, from 
both inside and outside surfaces, with many probe 
angles and in three scanning directions (Fig. 27). 

Before the RCCM implemeniatior. in 1981, all 
inspections were carried out with a low reporting 
threshold of 25 per cent DAC (SDH 2 mm): 8 per cent 
DAC ASME. So the Framatome practice for carrying 
out inspections at a high level of sensitivity is well 
established. Now the RCCM requires only the record
ing of signals exceeding 50 per cent DAC RCCM = 16 
per cent DAC ASME. RCCM acceptance standards 
with respect to length of defects and amplitude of 
signals are given on Fig. 2S. 
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Kig. 23 RCCM ultrasonic inspection acceptance standards 

Reproducibility of measurements 
An inspection technique with a high intrinsic ability to 
delect small defects rests on: 

(a) a high inspection sensitivity, i.e. a low reporting 
threshold: 

(bi 3 high reproducibility of measurements, i.c. a low 
spread of signal amplitude. 

Significant variations in the signal level observed 
with different equipments (probes, generators) and by 

different teams could lead to a particular defect being 
found at one inspection and missed at another. There
fore in addition to the use of a high inspection sensi
tivity, a precise knowledge of the equipment variability 
(i.e. the maximum spread af signal amplitude due to 
equipment) is necessary to assess the effectiveness of an 
inspection technique. A detailed study has been carried 
out on the reproducibility of signal levels for both arti
ficial an I natural reflectors, for several combinations of 
generator/probe units. 

This study has shown that in manual inspection 
when standardized equipment is used, the maximum 
absolute spread of signal amplitudes of two successive 
examinations on the same reflector is 6 dB (twice the 
recording amplitude Ihreshold) with a 95 per cent con
fidence level, and 9 dB (three times the reporting 
threshold) with a 99 per cent confidence level. From 
this reproducibility of measurements it can be deduced 
thai a defect cannot be missed with a 99 per cent prob
ability if its peak signal amplitude is more than three 
times the reporting Ihreshold. This result shows clearly 
the advantage of a low reporting threshold. 

Reliability shown by repetitive inspections 
Manual inspections are repealed at several stages and 
are performed twice, once befor final heat treatment 
and once after final heat treatment. Besides the 
equipment variability, team to team variability has 
to be taken into account for an assessment of the 
reliability. 

In order to assess the reliability (due to team to 
team variability) of its own inspection procedures, a 
comparison was made of the results of the two suc
cessive ultrasonic inspections of RPV welds. This com
parison was made on ultrasonic indi .ations detected 
with 45° and 60° probes in thirteen welds of two 1300 
MW, RPVs and in eleven welds of nine 900 MW, 
RPV, (i.e. in 12S circumferential welds of thickness 
between 200 and 250 mm, totalling around 1000 m in 
length). Before heat treatment, the recording threshold 
s was 25 per cent DAC (SDH 2 mm) and all ultrasonic 
signals of amplitude equal to and above 4s were 
repaired. After heat treatment, the recording threshold 
was 2s. 

A total of sixty-eight indications were detected, 
either at the first inspection or at the second inspec
tion. Among these, fifty-eight were detected at both 
inspections either by 4*5° probe or 60° probe or by 
both probes. 

For tvery ultrasonic signal recorded twice (i.e. at the 
first and second inspections), the maximum difference 
in amplitude was smaller than 9 dB 3s. This was in 
complete agreement with the equipment variability 
results already presented. 

On a total of sixty-eight indications recorded at the 
second inspection, with a recording threshold 2s (50 
per cent DAC SDH 2 mm), only ten indications were 
not recorded at the first inspection. Among these: 

five indications had signal amplitude of 2s; 
four indications had signal amplitude between Is 
and is: 
one indication had two signal amplitudes from 45° 
and 60° probes just below 4s. 



None had an amplitude greater than 4s, for which a 
repair would have to be performed. 

The last indication, with signal amplitudes greater 
than 3st was not recorded at the first inspection, so the 
signal amplitude difference between both inspections 
was above 35 outside the 99 per cent confidence level 
of the spread of amplitude due to equipment variabil
ity. So only the last indication can be attributed to 
team to team variability. At 95 per cent confidence 
level, five indications recorded at the second inspection 
could be attributed to team to team variability. 

These observations made on more than I OCX) m of 
length of RPV welds show the high quality of welding 
operations (only sixty-eight indications below the 
repair threshold level were present after final 
treatment) and the high degr-'C of reliability that one 
can expect from manual inspection when rigorously 
applied. 

Detection ofwld defects 

Results are presented here of the ultrasonic exami
nations of a thick submerged arc butt weld (190 mm 
thickness) where during welding* twelve weld defects of 
different nature (inclusions, lack of penetration, lack of 
side-wall fusion and cracks) were specially produced. In 
practice the most likely defects are slag inclusions and 
lack of side-wall fusion fil.*d with slag. Solidification 
cracking in weld metal, hydrogen cracking in HAZs, 
and lack of penetration are unlikely to occur, as 
explained before. Nevertheless, planar lack of side-wall 
fusion and lack of penetration and weld cracks were 
fabricated in this weld. After all the examinations, 
these defects were destructively examined to determine 
their nature and dimensions. The location and type of 
defects are shown in Fig. 29. The nature and dimen
sions of the defects are given in Table 5. 

The ultrasonic examinations have been performed by 
two teams, according to the RCCM Code, from the 
two surfaces, with 45° and 60* angle beam probes, in 
two directions parallel to the weld, and with a straight 
beam probe, (i.e. in ten scanning directions). AH signal 
amplitudes were recorded whatever their level. Table 6 
gives for each defect: 

(al its nature; 
{b\ us through-wall dimension measured by destructive 

testing; 
(c) the numbers of directions for the two teams for 

which the signal amplitudes exceed: 

Fig. 29 Test weld: type and location of defects 

(i) the RCCM recording threshold ( = 50 per cent 
DAC. SDH 2 tt.-rO, 

(ii) three times the RCCM recording threshold (as 
was shown before, a defect with signal ampli
tude exceeding three times the reporting thresh
old cannot be missed); 

(d) the maximum signal amplitude recorded with 
respect to the RCÇM reporting threshold. 

Table 5 Destructive examination of the weld defects 

Length," Til rough-wall 
Indication mm depth, mm Nature 

A" 35 11 Lack or side-wall 'ijsion ILF3) (planar defect) 
B 19 13.5 Lack ofsrde-wal] fn -n Ivolumetnci 
C* :6 4.5 Lack of penetration 1LP-) planar defect 
D" •13 M Crack * inclusion 
E 2; 5.5 Inclusion with lack of side-wall fusion 
F- 35 7 Lack of side-wall fusion (volumetric) 
O ' :o 12 Lack of side-wall fusion 1LF2) planar defect 
H 17 3.5 Inclusion 
I JO 7 Lack of side-wall fusion {volumelncl 
J* 37 3.5 Lack of penetration iLPI) (planar defect) 
K* 17 5 Crack 
L :o i Inclusions 

Dimtnjiom jJcriçtn jnJ height/ tncaiured by ûatrveiiit rum triai ram 



Table 6 Ultrasonic examination 
Through-wall 

depth, mm 
A Ladt of side-*all fusion (planar) 11 6(4) 2(1) + 22 dB 
a î 3<:k of sids-»all fusion ( voi,.mctncl 135 5(31 I I I ) + 12dB 
c LjCK of penciranon [planan 6.5 S (21 211) + 14dB 
D Crack + inclusion 14 4(01 010) i I dB 
E inclusions *":n lack of Blde-»al! 

fusion 
5.5 •I HI 0(1) + 10dB Straight beam 

F Lack of side-*all fusion (volumetric! 7 7 161 2(11 + I:<IB 
G Lack of side-wajl fusion (planar) 12 4|4I 4(4) + 25dB Corner effect 
H Inclusion 3.5 Hi) 1(01 + l2dB Straight beam 
1 Lack or side-wall fusion (volumetric) 7 514) 0(1) + 11 dB 
J Lack of penetration (planar) «5 6(61 1(21 + I4 11B 
K Crack (planar) 5 MU 0(0| + 2dB 
L Inclusion a 7(61 1 10! + !2dB Straight beam Inclusion a 

two teams examinations 

+ !2dB 

A nuii(Vf eif dirtciiom m *hich (fir vpuJ. 
B matimum tiftnal amplM-ide 4bo*e t 

mpltiitolt tMcNtlt vithet ifte lepciing ittmhtild j or Ji 

AI! defects were detected many times by both teams 
and all but two defects (D and K) were seen at least 
once by the two teams (with a signal amplitude above 
JSJ. With 95 per cent confidence level all these defects, 
except K, were seen from many directions by each 
team. They could not have been missed. 

The best-seen defect, G, (25 dB above s), lack of 
side-wall fusion, is close to one surface (Fig. 29) for 
which the corner effect gives a very high delecting 
sensitivity. Lack of side-wall fusion (A and G) and lack 
of penetration (C and j) were delected with an ampli
tude of 3s from more than one direction. 

Even the very small inclusions H and L (ihrough-
wjll dimension < 4 mm) were detected with straight 
brum probes with signal ampliiudes «qua) to 200 per 
cent DAC RCCM. The results show clearly the effec
tiveness of ultrasonic examinations to detect weld 
defect. Only a small crack (defect) K would have been 
missed. Nevertheless, as was said before, this type of 
weld defect is very unlikely. 

Radiographic examination 

Ai stated, radiography is used extensively during i.ic 
fabrication. Volumetric defects and planar defects well 
onenied with respect to X-rays are readily detected. 
Planar defects of concern (i.e. lack of sidewall fusion 
and unlikely weld cracks) are in fact well oriented per
pendicular to the surface and should be detected by 
radiographic examination. The effectiveness of the radi
ographic examination is well demonstrated by the 
results of the ultrasonic examination of the thick weld 
referred to in the last paragraph. All twelve defects in 
this weld including the smallest crack (defect K) were 
detected and identified by the radiographic exami
nation. 

These results show clearly the effectiveness of the 
radiographic and ultrasonic examinations which allo-
geiher give a complete assurance that all defects of 
concern are detected and identified so that they can be 
repaired. 

Detection of under-clad cracks by manual 
and automatic ultrasonic lech niques 

Manual and automatic ultrasonic methods were devel
oped and qualified to detect hydrogen under-clad 
cracks found in the bore of an RPV. They were then 
applied to detect reheat under-clad cracks. 

The manual inspection involved separate 
transmitter/receiver 70Q compression wave probes. The 
automatic examination was performed with a focused 
transducer. The effectiveness of these examinations was 
shown to be the best for a cladding thickness around 
8 mm. 

Both manual and automatic methods were fully vali
dated on over 200 hydrogen under-clad cracks found 
in A production nozzle which was scrapped and subse
quently sectioned to reveal the true defect sizes and the 
exact defect number. The same validation was per
formed on more than eighty-two reheat under-clad 
cracks made by a cladding procedure no longer used, 
but known to produce reheat cracks. 

For hydrogen under-clad cracks, it has been demon
strated that manual inspection is able to detect cracks 
less than 1 mm high and 5 mm lonç. A double exami
nation ensures detection of all cracks of depth greater 
than 3 mm (this duplication was performed to ensure 
100 per cent coverage). 

It was also demonstrated that automatic ultrasonic 
inspection is equivalent to a repeated manual inspec
tion for detection and localization of defects. 

For reheat cracks, manual ultrasonic inspection is 
able to detect 89 per cent of all cracks, and automatic 
inspection detects 62 per cent. It should be recalled 
here that with 60 mm strip cladding the maximum 
depth of the reheat under clad cracks was 2.5 mm. 
Among all UT indications recorded by manual inspec
tion, 99 per cent of the indications classified as reheat 
cracks, were erTective.'y cracks. So the manuai ultra
sonic technique as a means of identifying reheat under-
clad cracks is fully reliable. 


