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Abstract : 

The reactor pressure vessel is one of the main components of a 
pressure water nuclear power plant and is particularly critical 
to safety. The manufacturer of a nuclear reactor pressure vessel 
must have a very high level of quality control to achieve the 
required integrity which is to be such that service failure can 
be discounted in all possible circonstances. 

Achievement of integrity relies on many factors su as : a 
conservative design « sound and tough materials/ high quality of 
welding and cladding operations, the effectiveness and «liabi
lity of non-destructive testing. 

All factors contribute simultaneously to the integrity, as they 
influence the fracture toughness of the materials of construc
tion, the initial defect size and the levels of applied se-vice 
stress. Under no circumstances must any defect grow to the -ri-
tical size which would cause rupture of the vessel in service 

In this paper, Framatome's recent experience and new developments 
in the manufacture of, pressurized water reactor (PWR) reactor 
pressure vessel (RPV)s is described to show the very high stan
dards of quality achieved to meet the most stringent require
ments. 

Outstanding new developments include : 
1. Qualification and utilisation of thick forged shell rings made 

from large hollow ingots 
2. Fully automatic submerged arc narrow gap welding 
3. Electroslag stainless steel cladding process 
4. Nozzle buttering by automatic hotwire TIG process 
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INTRODUCTION 

French experience with nuclear pressurized water reactor (PWR) 

pressure vessel design and fabrication began in the 1960s. The 

first 300 MWe reactor pressure vessel (RPVÏ was fabricated in 

1964. By 1969, six vessel orders had been received, five from 

WESTINGHOUSE and one for TIHANGE 1 in BELGIUM which was a 

FRAHATOME project. 

With the French decision in 1969 to launch a large nuclear pro-

grant based on the pressurized water reactor system, FRAMATOME 

built two factories, for the manufacture of the key components of 

the primary loop of a PWR unit, that is to say : 

- the reactor pressure vessels, 

- the steam generators, 

- and the pressurizers. 

The first shop located at Le Creusot was built in 72-73. On 

fig. 1, you see the main bay of this shop. 

The second shop located at Saint Marcel was built in 74-75. On 

fig. 2, you see an overall view of this shop with its four bays 

and its loading facility on the dock. 

Both shops have an overall annual production capacity of : 

- 8 nuclear reactor vessels of weight 400 tons, 

- 24 steam generators, 

- 8 pressurizers. 

With 60 PWR nuclear steam supply systems in operation or under 

construction, FRAMATOME is one of the world leading Pressure 

Vessels vendors. 

T a b l e 1 gives the breakdown of deliveries of the various PWR 

components manufactured by Framatome. 

The list of reactor pressure vessels already delivered or still 

being manufactured by FRAMATOME is given in Table 2. 



Ê DELIVERIES OF FRAMATOME-PRODUCED 
COMPONENTS FROM 1964 TO END OF 1984 : 

fUMMOMI 

• 56 PWR reactor vessels 
• 48 internals 
• 151 steam generators 
• 49 pressurizers 
• 50 in-core instrumentations 

Breakdown of deliveries by plant size, destination and component type is indicated 
in the following table : 

PWR plant class 
in MWe net 300-600 900-1000 1300-1400 All 

classes 

Destination Frar.rs Export France Export France Export World-wide 

Number of: 

- Reactor vessels 

• Internals 

- Steam generators 

- Pressurizers 

• • In-Core instrumentation 

1 

1 

5 33 

33 

99 

33 

33 

7 * 

5 

1 2 0 

5 » 

7 

10 

10 

40 

10 

10 

56 

'. 48 

151 

49 

50 

• 2 in cooperation with Belgian industry and 2 In cooperation with Korean industry 
0 6 in cooperation with Korean industry 
m 2 in cooperation with Korean industry 
Note: Sortes production started in 1974. January 1885 

TABLE 1 



TABLE 2 
LIST OF REACTOR PRESSURE VESSEL BUILT OR BEING 

MANUFACTURED BY FRAMATOME 

REACTOR TYPE WESTINGHOUSE 2 LOOPS 
350 - 600 MWE 

FRAMATOME 3 LOOPS 
900 MWE 

FRAMATOME H LOOPS 
1300 MWE 

+ SIZEWELL B RPV 

FRAMATOME 1 LOOPS 
1150 MWE 

TOTAL ORDER 5 11 20 

IN MANUFACTURE / / 8 1 

DELIVERED 5 41 12 / 

OPERAI" ING 5 39 1 / 

OCTOBER 1985 
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In the world, most nuclear pressure vessels are designed, fabri

cated, examined and tested in accordance with the technical re

quirements of the ASME Boi1er and Pressure Vessel code Section 

III {rules for the construction of Nuclear Power Plant Compo

nent). Both plants have been awarded the N Stamp which has been 

renewed since, 

Since 1960, vessels have been manufactured for the French utility 

ELECTRICITE 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 Design and Construction Rules for Mechanical Components of 

PWR Nuclear Islands" were issued in January 1980 and were appli

cable from that date. 

Generally, this code of practice embodies the technical require

ments of the ASME Code Section III, but many of the provisions of 

RCCM are more stringent than the ASME Code. 

Recently, FRAMATOME received a design contract for the proposed 

Sizeweli B reactor pressure vessel. It is well known that for the 

Sizewell B vessel very stringent requirements have been added to 

the ASME III requirements in the National Nuclear Corporation 

Specification* FRAMATOME has shown that all these additional 

requirements are already implemented in RPV current fabrication 

practice. 
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DESCRIPTION OF THE REACTOR FRESSURE VESSEL 

Fig. 3 illustrates schematically a PWR vessel arrangement. The 
vessel has to hold high pressure water, with arrangements for 
directing the water in and out and through the reactor core. 

The primary coolant 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 small penetrations in both upper and lower heads. The 
upper head penetrations are primarly for the control rod drive 
mechanisms and they take the form of short stubs on which the 
mechanism housing is mounted. 

The whole structure is 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 to be completely with
drawn, so the reactor vessel comprises two parts, the lower part 
and the upper part (fig. 4 and 5)• 

The reactor vessels are constructed from forgings and construc
tion involves cladding and welding to each other the following 
major forgings (fig. 6) : 

- Closure head dome 
- Core shells (1 or 2) 
- Closure head flange 
- Transition ring 
- Shell flange 
- Lower head dome 
- Nozzle shell 
- 8 nozzles for 1300 HWe RPV spaced around the circumference. 
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Several main principles control the details of this assembly. A 
first principle is the avoidance of longitudinal welds, which 
leads to the use of ring forgings rather than shells fabricated 
from formed plate. This reduces the amount of welding and ins
pection. A second principle relates to the fact that defects are 
more likely to occur in welds than in the forging material. All 
important .welds are therefore kept away from discontinuities to 
facilitate ultrasonic testing and to avoid coincidence of welds 
and stress concentrations. 
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I - FORGINGS PROPERTIES 

For the nuclear reactor vessels, the shells and head domes 
can be made either from plates, or from forgings. The current 
trend for the thick shells of the order of 2S0 mm (10 inches) 
is to use ring forgings rather than shells fabric, .ed from 
formed plates. This reduces the amount of welding and ins
pection. But, compared to plates, these shell rings from 
forgings have one drawback, the quality of the inner surface 
to be cladded. We will come back to that point later. 

The principal qualities which are required for RPV forgings 
are : 
(a) homogeneity of mechanical properties ; 
(b) high internal quality and high inspectability (internal 

soundness) ; 
(c) good weldability ; 
(d) high fracture toughness and adequate strength ; 
<e) high resistance to irradiation. 

I.1 - Chemical Analysis Requirements for weldability and high 
resistance to irradiation 

The forgings are made from low alloyed steel (a ttn-Mo-Ni 
steel) , the basic specification corresponding to the ASTH 
508 CL 3 specification (see table 3 column 1). With res
pect to the standard specification, the French Code RCC.M, 
and other specifications include many additional require
ments (table 3 columns 2 and 3). 
(a) reduction in the upper limit of carbon content for 

improved weldability and overall ductility, carbon is 
this limited to 0.20 % 

(b) specification of low copper, phosphorus contents (for 
forcings and welds to reduce the neutron irradiation 
embrittleroent to the minimum 

(c) very low level of impurity elements, to improve the 
fracture toughness properties and to eliminate any 
strain, ageing sensitivity-



REACTOR PRESSURE VESSEL MANUFACTURE 

AS TM SA 503 Ct.3 RCCH SIZEWELL "B" 
FOR CORE SHELL 

CARBON 0.2S max 0.22 0.20 max 
MANGANESE 1, .20 - 1.S0 1.10 - 1.60 1. .10 - 1.60 
SILICON 0, .15 - 0.40 0.10 - 0.30 0. .15 - 0.30 
NICKEL 0, .40 - 1.00 0.50 - 0.80 0. .37 - 0.85 
MOLYBDENUM 0. .45 - 0.60 0.43 - 0.57 0. .37 - 0.68 
CHROMIUM 0.25 max 0.25 max 0.15 max 
PHOSPHORUS 0.025 max 0.008 0.008 
SULPHUR 0.025 max O.OOB 0.008 
COPPER O.OB 0.09 
VANADIUM 0.01 0.01 
ALUMINIUM 0.04 0.045 
ANTIMONY 0.008 
ARSENIC 0.015 
COBALT 0.03 0.02 
TIN 0.01 
HYDROGtN < 1 ppm 

TABLE 3 - SPECIFICATIONS FOR ASME SA 508 CL 3 CHEMICAL 

COMPOSITION (WT %) 



11 / 34 

1.2 - Internal soundness of forging*» 

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 inevitably 
occur and that defects such as slag inclusions and porosi
ties are piesent in the ingot. 

The main purpose of the 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 th'e heterogeneity cf the forging and to 
achj ive high internal quality. In the current high quality 
ingots, defects encountered are mostly non-metallic inclu
sions, easily detected by ultrasonic examinations. 

Forgings are examined by ultrasonic beams in different di
rections to search for defects in a range of orientations. 
The high number of ultrasonic incidences required gives 
full confidence in the detection of any defects. For 
example, for cylindrical forgings (i.e. shell rings), in 
fig. 6b are presented the beam directions. Shell forgings 
are examined from the whole of the outer cylindrical sur
face and from both end faces by compression wave probes 
generating beams at right angles to the surface. The most 
likely defect to be found, cluster of elongated small in
clusions, whose main surface is parallel to the main wor
king direction, due to the forging process, is thus easily 
detected by the straight beam technique. They are also exa
mined by angle beams of shear waves from both the inner and 
outer cylindrical surfaces, in two circumferential direc
tions and in two axial directions, giving a total of eight 
directions for the angled shear wave beams. Any surface de
fect, either in a radial plane, or in a plane normal to the 
axis, perpendicular to the cylindrical surfaces can thus be 
missed, due to the well known ''corner effect". 
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The acceptance standards of the various codes and specifi-

cations contain a range of very severe criteria which defi

ne the unacceptable defects (defects considerably smaller 

than those of concern) . 

From the just of view of the integrity of the R?V the first 

criteria : the lack of defect is thus fulfilled. 

Shells and Nozzles made fron hollow ingot 

For nuclear reactor pressure TC-S.Ï1S the size of the shell 

rings : 

- diameter of the order of 4 meters, 

-. length from 2 to 4 meters, 

thickness of the order of 250 to 300 mm (10 to 12 

Inches), are such that huge ingots have to 'be cast 

(around 20O-2SO tons) . 

The solidification process of these large ingots is such 

that chemical heterogeneities due to segregation occur 

inevitably. Fig. 7 shows the solidific.-.tion structure and 

macrosegregation pattern in large steel ingots. The regions 

of maximum positive macro segregation at the top of the 

ingct and of maximum inclusion content at the bottom of the 

ingot are removed prior to hot working. The V-type segrega

tes are regions of higher alloy element and inclusion con

tent and are located in the central region of the ingot. In 

the ca^es of ring forgings (shells and nozzles), this cen

ter part of the ingot are also remr. ved during the piercing 

of the ingot. But, the A-type segregates (or ghost lines) 

are also regions of enriched alloy element composition and 

relatively high inclusion content, occuring as ropes up to 

about 1 cm in diameter in very large ingots. These A-type 

segregates regain and are present in the final product and 

they outcrop at the inner surfdce of the shell to be cl ad

ded. 

So, the main drawback of shell rings and large nozzles made 

from conventional solid ingots is due to these segregation 

lines outcropping at the inner surface of the part to be 

subsequently cladded. 
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Ano ther type of ingot, the hollow ingot (fig. 8) has been 
recently developed by two forge masters : 
- KAWASAKI Steel Corporation in Japan, 
- CREUSOT-LOIRE INDUSTRIE Heavy Forge in France. 

The diagrams of the hollow ingot molds for KAWASAKI and 
CREUSOT techniques are shown on fig. 9 and fig. 10. 

'i'tiey differ mainly by the core structure and core cooling 
process. Both achieve the same objective, the cooling rate 
from the core should be as strong as from the outside sur
face in order to locate the final solidification line at 
mid thickness oi the ingot. In the two techniques, the 
liquid steel is bottom poured. 

The hollow ingot technique, owing to its unique solidifi
cation feature, makes it possible to achieve a major impro
vement in the quality of ring forgings by its effect on the 
extent and location of segregation. 

The inner surface of the shell ring or nozzle is free from 
A-type segregation areas, since its consists of first soli
dification metal. 

Segregation in the core of the forging is small since the 
solidification time for a hollow ingot is much shorter than 
for an equal ingot weight. 

This results in definite advantages for the user s 
- improved isotropy of mechanical properties, 
- improved weldability for cladding operations. 

FKAMATOME is the first nuclear reactor pressure vessel 
manufacturer having decided to use shell rings made from 
hollow ingots and the first nuclear vessel with nozzle 
shell and core shells made from hollow ingots is presently 
being manufactured in its shops. 

To be qualified, FRAMATOME has performed extensive qualifi
cations of shell rin.gs and large nozzles made from hollow 
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Here are presented the two typical results concerning shell 
rings ; 

- inner surface quality, 
- isotropy of mechanical properties. 

Inner surface quality 

Fig. 11 shows a sulphur print of the inner surface of a 
shell ring made from a 183 ton solid ingot. You can see 
distinctly black spots or areas which are in fact the 
traces of segregated areas from A-type segregation lines 
outcropping at the inner surface. 

The next fi<j. 12 shows a sulphur print of the inner surface 
of a shell forging made from A 140 ton hollow ingot. Here, 
you see no blackspot, because the inner surface is free 
from any segregated areas. This comparison shows the dra
matic improvement in the surface quality achieved by the 
hollow ingot technique. 

Isotr^py of mechanical properties 

Two sets of mechanical properties are presented here to 
show the shell ring isotropy. 

Fig» 13 shows tensile properties in the through thickness 
direction at various depths. The last figure in the bottom 
of the page gives reduction of area data. The isotropy of 
the shell ring is fully demonstrated by the high and homo
geneous values (more than 6c %) for the reduction of area 
in the through thickness direction. 
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Fig. 14 shows charpy V impact energy data at three tempera
tures, at the top and bottom of the ring and in the three 
testing directions 

- circumferential direction (longitudinal), 
- axial direction (transverse), 
- through thickness direction (short transverse). 

At 0 QC and 20°C, the data show high and homogeneous values. 
Even at low temperature (-20*0 the charpy impact energy in 
results the through thickness direction are still very 
high. 

These results, associated with the quality of internal sur
face (no segregation on the surface to be cladded}, the ho
mogeneity of mechanical properties, show clearly the advan
tages of shell rings made from hollow ingot and give great 
confidence in the achievement of integrity required for a 
reactor pressure vessel. 

Fracture toughness properties of forgings 

The integrity of the structure depends also on achieving 
the highest level of resistance to fracture, which is 
assessed by three major parameters ; 

- the Nil ductility transition temperature - NDTT 
- the charpy energy curve and 
- the J resistance curves at 43° and 293°C. 

The required fracture resistance properties by ASME, RCCH 
and sizewe11 B specification are listed in table 4. 

Requirements on the Charpy impact energies and maximum 
RTNDT values for all forgings (except the nozzles) are 
standard requirements and easily met. 
The requirement on the fracture toughness values is an out
standing feature of the Sizewell "B" specification. 



16 / 34 

REACTOR PRESSDRE VESSEL HANDFACTDRE 

REQDIRED FRACTORE RESISTANCE PROPERTIES 

CHARPÏ IMPACT REQUIRED VALUES (TRANSVERSE DIRECTION) 

ASME 10 CFR 50 SIS.EWELL "B" RCCM RCCM | 

AT 4.4«C Appendix 6 

Minimum upper 

shell 

Upper shelf 

energy 

0°C 20«C | 

| CORESHELL MEAN 41 J 102 J 102 J 56 J 

KIN 34 J 40 J 102 J | 

| OTHER RPV MEAN 41 J 98 J 56 J 

| FORGINGS MIN 34 J 40 J 70 J | 

RTNDT AT START OF LIFE 

RCCM AIMED VALUE RTNDT < - 12°C 

SIZEWELL B SPECIFIED VALUE RTNDT < - 12,2»C 

FRACTURE TOUGHNESS - SIZEWELL "B" SPECIFICATION 

AT 43«C J1C > 156 KJ/m — > KJC > 187 MPaVm 

J2C > 720 KJ/m 2 

AT 293«C J1C > 136 KJ/m --> KJC > 169 MPaVm 

Ja2 > 400 KJ/m 2 
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In this presentation, I will focus on two sets of fracture 
toughness data related to recent forgings and compare them 
with Sizewell "fi" specifications. 

Sizewell "B M specifications were drawn from proposed lower 
bound fracture toughness curves of the "Marshall" UKAEA 
study group report. 

First I will present all results available for all the for
gings of the Sizewell B RPV. Then I will present all re
sults available on ring shell forgings made from hollow 
ingot and compare them with similar results from latest 
ring shell forgings made from conventional ingot. 

Fracture toughness data for Sizewell "B" RPV forgings 

All results available for the forgings of the Sizewell "B" 
RPV are gathered on fig. 15, and compared with the accep
tance values. It is clear that all requirements are easily 
met. 

For example, the lowest charpy energy at upper shelf is 200 
J nearly twice the minimum upper shelf energy specified for 
the core shell 102 J. 

For the nil ductility transition temperature, all values 
are well below the specified values. 

The fracture toughness values at 43°C are all well above 
the required value. 

2 
The lowest value of Jlc - 250 KJ/m is to be compared to 2 the specified value Jlc * 156 KJ/m • 

At 29 3°C, all values are also well above the required value 
except one (Jlc for nozzle H3) , but as we will see later* 
the resistance curve date points are all well above the 
specified resistance curve. 
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On Fig. 16, we have plotted the equivalent fracture tough
ness factor KJc values on the figure drawn in the "Mar
shall" OKAEA Study Group Report, where all data available 
at that time were plotted and used for a statistical ana
lysis. All data are well above the mean values and at 
293°C, except for one value, all other values are also 
above the mean value. 

It is even more interesting from an integrity point of view 
to compare actual resistance curves to lower bound resis
tance curves of the Sizewell "B" specification. 

Let us first give an example of the resistance curve for 
one forging, the inlet nozzle G4, to show the data points 
and their location with respect to specified resistance 
curve. ( fig . 17) 

Coming back to fig, 6 and to the fracture toughness value 
Jlc of the outlet nozzle H3, at 293°C, which appears much 
smaller than all others values, we have plotted the expe
rimental points for this nozzle H3 and for the inlet nozzle 
G2 which yields the highest value of Jlc, on fig. IB Need
less to say that the two sets of data points are very near 
and it is only the linear regression analysis which gives 
very different Jlc values. 

All linear regression resistance curves for each Sizewell 
"B" forging are plotted r~. fig 1Q and 19 bis. together 
with the proposed lower bound curves of the Marshall report 
and Sizewell MB" specification. It appears clearly that the 
resistance to crack growth is much higher than the proposed 
lower bound of the Marshall report. 

All these results coupled with the internal soundness of 
the forgings give great confidence in the achievement of 
integrity required for a reactor pressure vessel. 
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Fracture toughness data for shell rings made from hollow 
ingot and comparison with data from shell rings made from 
sold ingot 

0 n fig• 20 are gathered, fracture toughness resistance 
curves at 43°C for two shell rings made from conventional 
ingots and two shell rings made from hollow ingot. All are 
well above the specified Sizewell B resistance curve. 
Complete data available for all the shells are presented in 
table 5. These data were obtained from the same location in 
the shell ring at the end corresponding to the top of ingot 
and at quarter thickness that is at the location of maximum 
segregation for shell ring made from hollow ingot. 

All available linear regression resistance curves for shell 
rings made either from recent conventional ingot and hollow 
ingot are platted on fig 21 and fig 22 together with the 
proposed eiver bound curves of the sizewell "B" specifica
tion it appears clearly that in both cases the resis-tance 
to crack growth is much higher than the sizewell B specifi
cation . 

These results, associated with the quality of internal sur
face (No segregation on the surface to be cladded) , the ho
mogeneity of mechanical properties, show clearly the advan
tages of shell rings made from hollow ingot and give great 
confidence in the achievement of integrity required for a 
reactor pressure vessel. 
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| | 43<>C | 293°C | 

| | JIC | p_J ! JIC | DJ | 
i |KJ/M2| DA |KJ/M | DA | 
1 1 1 MPa | | MPa | 

| CORE SHELL (JSW) | 258 | 642 | 159 | 411 | 
| SI2EWELL "B" RPV 1 1 1 1 1 
i (CONVENTIONAL INGOT 350 TONS)1 I I ! 1 

| CORE SHELL (CLI-GF) | 314 | 467 | 199 | 205 | 
| (CONVENTIONAL INGOT 170 TONS)1 1 1 1 1 

| CORE SHELL (CLI-GF) | 371 | 569 | 245 | 237 | 
| (HOLLOW INGOT 140 TONS) 1 1 1 1 1 
1 TOP 1 1 1 1 1 

| NOZZLE SHELL (CLI-GF) | 292 | 577 | 211 | 298 | 
| (HOLLOW INGOT 170 TONS! 1 1 1 1 1 

| NOZZLE SHELL (KSC) | 300 | | 280 | | 
| (HOLLOW INGOT 220 TONS) 1 1 1 1 1 

TABLE 5 
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II - WELDING OPERATIONS 

The fabrication of the vessel involves three main operations 

(a) joining of the various components by welding 
(b) cladding of the internal surface of the entire vessel 
(c) buttering of nozzles 

For all main circumferential seams and nozzle to shell 
welds, a mechanized submerged arc welding process is used by 
Framatome. Only submerged arc welding with single wire is 
used 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 ano
ther important parameter for weld quality. Only fused flux 
of low hydrogen potential is used. 

During the whole welding operation, the position of the wel
ding head is monitored and corrected by a guiding device 
which permanently locates the wire in the correct position 
with respect to the sides of the groove. Reliabilir.y of the 
guiding process is such that a narrow groove with parallel 
sides is used for all circumferential welds. With these 
relatively narrow groove widths (around 24-26 mm), the num
ber of beads per layer can be specified and easily achieved. 

Fig 2 3 is a cross-section of a weld test coupon representing 
a main girth weld of a 900 MWe vessel. Of special note are 
the two beads across the wid":h of the welds and their regu
larity. With two beads per layer, the thickness of each bead 
is uniform and such that a st.rong grain refinement effet is 
achieved yielding high charpy impact energies as shown on 
table 6 (at 0°C, the average value of the Charpy Energy for 
submerged arc welds is three times the specified value) and 
RTNDT values very low (see Fig. 24) {the average value being 
-47 °C) . The available data on «fracture toughness of weld me
tal show that 'the requirements are also easily met. So, from 
the point of view of integrity, the weld metal is not a weak 
point of the RPV. 
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j iempe rature 
i 
1 - 20°C 

1 1 
1 0"C | 
| 1 

mini I so J/cm2 1 
1 125 

J/cm 2 j 
| Electrodes I J/cm2 1 

J/cm2 | maxi | 207 J/cm2 | 250 J/cm2 | 
| E 8018 1 J/cm 2 1 2 1 J/cm | 

I 
mean | 145 

1 
J/cm 2 1 177 

1 
2 1 J/cm | 

I 
mini 1 

1 61 
J/cm 2 1 

| 82 
2 1 J/cm | 

| Submerged 1 T / 2 J/cm 1 2 1 J/cn | maxi | 205 T / 2 J/cm 1 211 2 1 J/cn | 
| arc 1 2 J/cm 1 2 ' J/cni j mean | 125 2 J/cm 1 153 2 ' J/cni j 
| welds 1 

1 
1 
1 

1 
1 

TABLE 6 - CHARPY IMPACT PROPERTIES FOR WELD METAL ELECTRODE AND 
AUTOMATIC SUBMERGED ARC WELDING 
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Furthermore, with a narrow gap groove and two beads per 
layer, the shape of the beads is thus easily controlled, 
decreasing the risks of lack of :,ide-wall fusion and under
cutting. 

Nevertheless, it is usually considered that defects are more 
likely to occur in welds than in the forcings. With respect 
of achievement of integrity, the main quality of these welds 
is thus their internal soundness, that is the lack of de
fects. One way to assess the quality of the welds is the 
number of recordable and unacceptable (that is to be repai
red) ultrasonic indications reported after the ultrasonic 
inspections. Fig. 25 shows the results of the ultrasonic 
examinations of the circumferential welds of the first 1300 
MWe RPV. 

Fig. 25 shows clearly, for all the circuraferentials welds of 
a 1300 MWe RPV, the improvements achieved since the beginning 
of fabrication of these vessels in 1977. For example, i:o: the 
weld A/B between the flange and the nozzle shell course, six 
of the recent welds were made without any repair. For the 
weld C1/C2 between the two core shells, nine out of tirtheen 
welds were also made without any repair and even the 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 % distance amplitude correction -DAC- ASME' and severe 
acceptance criteria. 
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II.1 - New welding equipment for fully automatic welding of thick 
shells 

Recently, FRAMATOME has acquired a new fully automatic 
welding machine, shown on fig. 26, whose characteristics 
are the following : 

- total height • 11,80 m 
- total width « 11,50 m 
- way under platform » 4.70 to 8.20 m 
- way between columns - B in 

The characteristics allow the assembly of thick shells of 
very large diameter (from l.S m to 7.5 m and thickness up 
to 350 mm). 
The welding is performed with an ESAB type heavy narrow 
gsp (ANG) welding head (fig. 27} 
This welding head gives iccess to narrow, very deep joints 
with true or almost parallel sides from 18 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 positioning of the wire 
alternatively 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. 

With this equipment, welding is performed in one stage, 
from one side, fig. 28 shows the weld preparations between 
vessel flange to nozzle shell (type A/B) and between the 
two core shells (type C1/C2). 

The assembling roots are taken from forging overe thick
nesses. These roots are grinded after weld completion. The 
main interest of these configurations is that it allows to 
perform the whole weld from the outside without any back 
machining and back weld.ag. 
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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 interruption 
with the resulting risky starts/stops, continuous wel
ding and narrow gap joints will result in a major eco
nomic advantage in comparison with conventional welding 
method. All flux operations, flux baking, recycling and 
feeding are automatic ; furthermore the welding cabin 
is air conditioned. 

b) The concave shape of the bead, which means exact fusion 
to the joint wall and a reduced risk of slag inclu
sions. The quality of the welds and its reliability has 
been checked by a cross section of full size weld bet
ween two thick shells which is shown on fig. 29. 

The quality and reliability of the equipment is demons
trated by the results of the ultrasonic examinations on 
circumferential welds performed with this new fully au
tomatic welding machine fig. 30. It shows clearly the 
quality of the welds achieved. On the 18 welds perfor
med for 1300 MWe RPV, all these welds were performed 
without any repair. Futhermore, for 16 of these welds, 
there were even no recordable 0T indications. 

II.2 - Welding off the reactor vessel nozzles 

For a 1300 MWe RPV, the nozzles are welded two by two, si
multaneously on the nozzle shell. 

Fig. 31 shows diagrammatically both welding machines loca
ted in opposite nozzles, the upper machine being outside 
the shell and the lower machine mounted inside the shell. 
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The nozzles are welded , lining the submerged arc welding 

process for the inside and outside grooves. Only the first 

beads are made by manual welding, but these beads are re

moved by back-machining. 

Fig. 32 shows the results of ultrasonic examinations on 

nozzle to shell course welds, for the fitst nine 1300 MWe 

vessels. For each weld, the number of recordable and unac

ceptable UT indications are given. The improvement shown 

by the reduction of the number of recordable and unaccep

table ultrasonic indications is also very cxear for the 

later part of this series. 

Ultrasonic inspection of these welds were pf.rronû«d «;ith a 

high sensitivity recording level (3.0 % DAT. A.SMË) ar.d seve

re acceptance criteria. 

Fig. 33 shows the results of ultrasonic examination for 

the same nozzle to nozzle shell welds, for the last right 

"1300 MWe RPV5". In this figure each result is of;1 the 

eight welds of each RPV. It can be seen that the nozzle to 

nozzle shell welcs of the last six RPV were made without 

any repair. 

There results show clearly the high standard of quality 

achieved in the welding operations. 

Ill - CLADDING OPERATIONS 

XII.1 - Cladding procedure and provisions to avoid strass relief 

underclad cracks 

The stainless steel cladding on the inner vessel surface 

is primarily provided to avoid the clean coo.lant pri .ary 

watar becoming contaminated by corrosion products from 

the ferritic material. FRAMATOME uses a two-layer clad

ding. The first reason for applying a two-layer cladding 
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procedure is to obtain a stainless steel surface with a 
low carbon content» which will not be sensitized during 
the stressrelief heat treatment of the reactor vessel, 
and in consequence not susceptible to environmental 
stress corrosion intergranular cracking. The second 
reason for applying a two layer cladding procedure is to 
avoid the occurence of underclad reheat cracking. A two 
layer cladding procedure is the best procedure to guaran
tee the absence of underclad reheat cracking. 

A two-layer cladding procedure results in an overall 
thickness greater than 7 ran for the R.P.V. shells and 
nozzles. This cladding thickness has implications for 
emergency and fault conditions. In the initial stage of a 
LOCA, (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 clad
ding. With a cladding thickness of 7 mm, compared to a 
usual value of 4 mm, achieved with a 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. 

Cladding was applied by the automatic submerged arc wel
ding process over the majority of the vessel inner sur
face using strip electrodes of 60 mm width for the ves
sels under description. 

Special attention is given to the cladding surface condi
tions. This surface is ground completely by an automatic 
machine. All interpass grooves are eliminated. This con
dition is essential to decrease corrosion products and 
their possible built up in an interpass groove. It also 
helps for in service ultrasonic inspection which is per
formed from the inside of the vessel (i.e. through the 
cladding). 
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In order to avoid the occurence of hydrogen under-clad 
cracks, all cladding operations are performed with pre
heating maintained throughout the whole cladding process 
until post heating is carried out. 

In 3p jte of the fact that the multilayer technique is re
commended as a procedure to avoid reheat under-clad crac
king and also that the ferritic steel used (SA 508 cl 3) 
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 that reheat 
cracks were found with a two-layer cladding process. 

Detailed studies were made of the origin of the defects, 
and it was established that reheat cracking occured when 
two conditions acted simultaneously : 
1) The presence of segregated area (ghost lines or a se

gregation lines) on the surface to be clad. 

2 ) The presence of « coarse grained HAZ of the base metal 
due by the first layer of cladding (not refined by the 
second layer of cladding]. Due to the high heat input 
of the strip cladding process a layer of underlying 
base material is heated to a high temperature which 
generates a coarse grain austenitic microstructure 
( s e e fig. 34) near the fusion lint. This coarse grain 
microstructure is susceptible to cracking during 
stress relief heat treatment around 6O0*C only if it 
corresponds to an area of segregation. Fig. 34 indi
cates the position of under clad cracks when using a 
one layer technique. 

However, the deposition of the second clad layer produces 
reheating of the underlying base material, to an interme
diate temperature. This heating results in a new austeni-
te transformation of the underlying base material, and a 
new fine grain microstructure, much less susceptible to 
reheat cracks (fig. 35). 
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For this reason, two-layer cladding was considered as the 
procedure to avoid reheat underclad cracks. 

But reheat cracks were in fact found in two zones where a 
residual coarse grain heat affected zone was remaining 
after the two layers cladding process : 
Fig. 36 shows one location of reheat cracks under the 
last bead of the first layer, the second layer being 
completed 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. Fig. 37 
shows the second location of reheat cracks under the bead 
overlap of the second layer. This overlap was insuffi
cient 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 deposi
ted before the second layer of cladding (see fig. 38) . 

2) For type 2 defects, the overlap of second layer beads 
was increased (see fig. 39). 

Besides the metallurgical studies and measures taken to 
avoid these underclad cracks, FRAMATOME has developed, 
qualified and validated an ultrasonic examination method 
for the detection and identification of any possible 
defects, beneath clad welds. 

III.2 - Maglay cladding process for stainless steel - Cladding of 
shells and large nozzles 

We will now present one major development implemented in 
our shops "the maglay cladding process". The Maglay pro
cess is an electroslag strip welding overlay process 
(ESW). 
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As shown on fig. 40, in the electroslag process, Joule 
heating of slag, is the welding heat source, and the base 
plate surface in contact with the fused slag is uniformly 
melted (by this process, low dilution with base metal is 
also achieved). This is to be compared with arc fusion, 
where arc is generated from one side of the electrode and 
penetration extends more or less uniformly by arc motion. 

High cleanliness (low oxygen and low inclusion contents) 
is also due to the refining action of the electroslag 
process. 

In the Haglay process, the electroslag process is asso
ciated with a magnetic monitoring of liquid slag and 
metal flow, which enables the use of wide strip elec
trodes . 

Overlay techniques with wide strip electrodes produce 
undercutting at each bead side as shown on fig. 41, this 
undercutting is due to electromagnetic forces between pa
rallel current lines which force the fused slag and metal 
towards inside. Control of liquid slag and metal flow can 
be achieved by applying an external magnetic field 
through two coils which generates Lorentz forces in the 
direction perpendicular to weld direction. This electro
magnetic device enables use of large (150 ram) strip elec
trode without any undercutting and inclusions at bead 
overlaps. 

The Haglay process has been developed by Kawasaki Steel 
Corporation and FRAMATOME has selected this-process as a 
substitute of the submerged arc process, for all stain
less steel cladding operations for nuclear pressure ves
sels and large nozzles 

This process has been selected as it combines : 
"HIGH QUALITY WITH HIGH PRODUCTIVITY*1 
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The Maglay electroslag overlay welding process provides a 
considerable improvement over the conventional strip sub
merged arc process in terms of : 
- low dilution of the base metal, 
- high cleanliness and low hydrogen content of the stain

less steel cladding. 

Fur thermorer this process makes it possible the use of 
wide strip electrodes, without defects at beads overlaps 
(rig. 42) . 

Consequently, for cladding large diameter she 11 rings, 
strip of 150 mm width can be used and the weld ratio is 
within 2 to 3 times greater than that obtained with 60 mo 
strip SAW process. On other parts, nozzles and head do
mes, the best strip width is 75 mm. 

FRAMATOME has performed an extensive qualification pro
gram of the Maglay process which involves the study of 
the effect of welding parameter s on : 
- dilution in the first layer, 
- cladding layer thickness, 
- internal soundness, 

in order to determine the allowable range of welding 
parameters. 

It appears that the Maglay process is a very flexible 
process with a very wide range of welding parameters. 

The effect of welding parameters, gathered in a single 
parameter, the heat input* on dilution in the first 
layer, on cladding thickness and internal soundness are 
presented in fig. 43, 44 and 45. 

To achieve low dilution < 20 % in order to avoid any 
martensite in the first layers, and a minimum thickness 
for each layer of 3.5 mm, without any defects, a wide 
range of heat input is available. 
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Finally, the welding parameters to achieve low dilution 
and internal soundness and minimum thickness of 3,5 mm 
for each layer can be selected such that the heat input 
range is respectively : 

- for 75 mm strip 
120 < E < 220 KJ/CJD 

dilution threshold technologica. threshold 

~ for 150 mm strip 
220 < E < 420 KJ/cm 

dilution threshold technological threshold 

The range of heat input is very large which demonstrates 
the flexibility of the process. 

Besides the flexibility of the process, the Maglay Pro
cess has two specific advantages compared to the submer
ged arc strip process : 

- the high cleanliness of the weld metal due to a very 
low oxygen content {200 ppm) in the weld metal, 

- the low hydrogen content, 3 ppm in the weld metal, 
compared to an average of 10 ppm for the strip SAW 
process. 

Maglay process, with 75 mm strip electrode is used for 
cladding production parts such as large nozzles of the 
nuclear reactor pressure vessel. A fully automatic equip
ment with the step over device has been built and put 
into operation (fig. 46). With the step over device, the 
cladding operation is fully continuous. 

Haglay process with 150 mm strip electrode has been fully 
qualified (by full size tests) and is applied on shells 
with a new fully automatic cladding equipment, fig. 47 
and which has the capacity of cladding shell rings of 
diameter above 2.5 meters and length 7 meters. 
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IV - BUTTERING OPBRATIOH 

New development : implementation of an automatic TIG pro
cess . 

The RPV nozzles have to be connected on site with primary 
piping. For most PWR plants, primary piping is in stainless 
steel. For an easy welding on site, nozzle ends are welded 
to stainless steel safe ends. 

The welding of these safe ends to ferritic steel nozzle re
quires a buttering of the nozzle lips as shown on fig. 4P. 

This buttering either with stainless steel or Inconel is 
usually performed with SMAW (Normal Electrodes). As this 
buttering* is part of a resistance weld, suitable mechanical 
properties must be guaranteed. 

SS or Inconel Manual buttering has two main draw backs. Both 
with stainless steel and Inconel, the level of Charpy Ira pact 
energies in the first and second layers of buttering is not 
very high, this is due to the high content of inclusions 
(mainly oxides) . 

Another parameter which is very important is the dilution 
level in the first layer of buttering. Dilution of the order 
of 20 % is a good level but higher values cannot be excluded 
with a manuel process. To guarantee a good level of dilu
tion, we perform chemical analysis of the first layer of 
buttering. samples being taken as soon as the first layer is 
deposited. 

In order to improve the quality of this buttering, from the 
point of view of mechanical properties, that is to say to 
increase Charpy impact energies, and at the same time impro
ve the reliability that is to say a constant and homogeneous 
level of dilution, Framatome has qualified and used now for 
nozzle buttering a hot wire TIG process. 
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With hotwire TIG process, dilution in the first layer in the 
range 7 - 1? % can be guaranteed and Charpy impact energies 
in the first layer of buttering after post weld heat treat
ment of the order of 80 J can be guaranteed (compared to 50 
J for the first layer of buttering performed with covered 
electrodes), 

A fully automatic equipment has been implemented in our shop 
with the KOBE TIL-2T welding machine and is now in operation 
(fig. 49) A view of the deposit is presented on fig. SO. 

This buttering operation between the ferritic nozzle and the 
stainless steel safe end, was the last resistant weld per
formed up to now by a manual process. The shift to an auto
matic process is the latest improvement introduced in our 
shop to achieve the same degree of reliability o.. all resis
tance welds of the Reactor Pressure Vessel. 
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FIG. 23 MAIN GIRTH WELD OF A 900 MEE VESSEL CROSS SECTION 
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FIG. 26 THE NEW FULLY AUTOMATIC WELDING MACHINE 
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FIG. 27 THE ESAB WELDING HEAD TYPE HEAVY NARROWGAP 
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FIG. 30 CIRCUMFERENTIAL WELDS PERFORMED WITH THE NEW FULLY AUTOMATIC WELDING 
MACHINE FOR 1300 MHe RPVs RESULTS OF ULTRASONIC INSPECTIONS 



REACTOR PRESSURE VESSEL MANUFACTURE 

FIG. 31 NOZZLE TO NOZZLE SHELL WELDING EQUIPMENT 
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150mm wide strip electrode 
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FIG. 44 EFFECT OF THE HEAT INPUT ON THE CLAD THICKNESS 
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FIG.45 EFFECT OF THE HEAT INPUT ON THE WELD SOUNDNESS 
AT 1ST LAYER OVERLAPS 
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FIG. 46 MAGLAY WELDING HEAD FOR NOZZLE CLADDING 
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FIG. H7 NEW FULLY AUTOMATIC CLADDING EQUIPMENT 
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FIG. 50 - A VIEW OF THE DEPOSIT 


