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Abstract

A weld metal well proven in the German nuclear industry served as the basis for the certification of a shape-welded

steel to be used as base material for manufacture of nuclear primary components. The outstanding properties of this

steel are attributed to the extremely fine-grained and stable primary microstructure. Subsequent reheating cycles caused

by neighbouring weld beads do neither lead to coarsened brittle structures in the heat-affected zone nor to increase in

hardness and decrease in toughness, as is the case with wrought steel materials. One of the largest new reactor vessel

design amongst today�s advanced reactor projects is considered to be particularly suitable for the use of shape-welded

parts in place of forgings. In addition the need for design and development of new shape-welded steel grades for other

new generation reactor projects is emphasized, in which the experience gained with this research could make a

contribution.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

The availability for deployment of the most mature

Small Modular Nuclear Reactors (SMR) is scheduled

for the end of this decade [1]. IRIS (International Reac-

tor Innovative and Secure) is one of the several new

plant designs of today�s advanced reactor projects. It

was announced to be a modular pressurized light water

reactor with an integral primary system configuration

[2–4]. All primary system components – pumps, steam
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generators, pressurizer, and control rod drive mecha-

nism – are inside a large reactor vessel weighing about

1000tons.

Recent studies are orientated at developing optimized

SA 508 CL.3 type forged steels for nuclear reactor ves-

sels [5–7]. Research efforts focus on microstructures of

weld heat-affected zones (HAZs), and in particular on

the coarse-grained region heated above 1100 �C, which
is generally referred to as a local brittle zone (LBZ).

Microstructures in the base metal HAZ of a 220mm

thick reactor pressure vessel (RPV) weld made by

multi-pass narrow-gap submerged arc process were clas-

sified depending on various weld heat cycles [5]. Using

ultrasonic resonant spectroscopy, it was shown that

specimens with larger martensitic grain size have lower

elastic constants than those with fine-grained bainite.
ed.

mailto:dr.k.million@t-online.de 


26 K. Million et al. / Journal of Nuclear Materials 340 (2005) 25–32
The degree of embrittlement in the LBZ varies with

material chemistry and welding conditions. Under the

conditions for the easy LBZ formation, this zones fatally

affects toughness in the welded region, in which the most

important microstructural factors affecting fracture

toughness were the martensite fraction before PWHT

(post weld heat treatment) and the carbide fraction after

PWHT [6]. A study of four SA 508 CL.3 steels fabri-

cated by vacuum-induction melting and heat treatment

suggested that steels with higher strength and toughness

could be processed by decreasing carbon and manganese

contents and by increasing molybdenum content [7]. An-

other study stated that by reducing the precipitation

of cementite through decreasing carbon content the

ductile–brittle transition temperature (DBTT) could be

lowered significantly [8]. Examining the effect of micro-

structure on the cleavage fracture strength of low carbon

Mn–Ni–Mo bainitic steels, it was also shown that the

cleavage fracture strength and DBTT were strongly af-

fected by the alloy carbon content. The decrease in the

alloy carbon content resulted in a decrease in the inter-

lath cementite-crowded layers and higher cleavage frac-

ture strength [9].

During the past 20 years significant progress has been

made in understanding the solidification behaviour of

welds and the evolution of microstructure [10–16]. The

essential constituents of the primary microstructure in

columnar austenite grains have been identified, and acic-

ular ferrite was found to be the most important of them

[10,11]. It is defined to be intragranularly nucleated bai-

nite, the formation of which is favored by large austenite

grains, inert behaviour of allotriomorphic ferrite at the

austenite grain surface, and sufficiently high inclusion

number density [12]. Recently systematic studies of inclu-

sion in weldmetal have begun [13] and phenomenological

modelling of welding processes has provided unprece-

dented insight into understanding both the welding pro-

cess and the welded materials [14]. The recognition and

implementation of acicular ferrite in weld metals and

wrought steels has led to considerable progress because

this microstructure has the potential of combining high

strength and high toughness [15]. The concept of intra-

granular ferrite nucleation by specific inclusions known

from steel welds was transferred to the steel metallurgy

[16], in order to improve the HAZ toughness in the grain

coarsened field after high heat input simulation.

Acicular ferrite, this most desirable constituent of

welds has proved its commercial importance with the

8 MnMoNi 5 5 weld metal. Vast majority of German

primary components including the 670mm thick nar-

row-gap weld of the hitherto largest reactor vessel was

welded using this weld metal [17]. Based on this experi-

ence the 8 MnMoNi 5 5 was certified by the German

Nuclear Safety Standards Commission (KTA) as world

wide first shape-welded base material for product forms

and components fabricated by shape-welding. The Ger-
man Standard KTA 3201.1 – Section 29, Product Forms

and Components from ferritic steels fabricated by shape-

welding [18] applies to rotationally symmetric product

forms or components that are fabricated by multiple

layer deposition of molten-off electrode material and

are subsequently not subjected to a heat treatment of a

higher temperature than is permitted for stress-relief

heat treatment (580–620 �C). As stipulated in this stan-

dard, the material is isotropic. Consequently, in the case

of weld connections on components made of shape-

welded parts no differences exist between base material,

weld metal, and HAZs.

This German development was recently subject of a

retrospective survey, building on work already published

in the open literature [19]. As for the planned serial fab-

rication of the new IRIS reactor vessel the use of shape-

welded parts in place of forging is considered to be a par-

ticularly suitable alternative, this paper presents the re-

sults of a research program conducted to investigate

the primary microstructure and the reheating behaviour

of this weld metal, submitting the distinct structural re-

gions of the steel to a detailed and updated analysis. Used

methods and experimental techniques could also be ben-

eficial for development of new shape-welded nuclear steel

grades for other new generation reactor projects.
2. Experimental procedure

2.1. Test material

Chemical composition and mechanical properties of

the shape-welded nuclear steel 8MnMoNi 5 5, in compar-

isonwith the traditional forged steel 20MnMoNi 5 5 (cor-

responding to SA 508 CL.3) are listed in Tables 1 and 2.

Major differences in transformation behaviour of the

two steels are pointed out by the CCT diagrams presented

in Fig. 1(a) and (b). For both the same austenitisation

temperature of 1350�C and holding time of 1 second

was used, simulating the super-reheated coarse-grained

region, which is generally referred to the LBZ in the case

of wrought steels. The chemical composition of the steels

presented in the diagrams correspond respectively to the

base material and weld metal used for the mentioned

670mm narrow-gap joint as well as for many shape-weld-

ing applications [19]. The following flux–wire combina-

tion has been used for this development: welding flux

SA FB 1 53 DC H5 (DIN EN 760), wire electrode S 3

NiMo 1 (DIN EN 756). Similar weld metal was also used

for all investigations described below.

2.2. The single bead test

Taking into account that the KTA Standard recom-

mends a limited range of heat input (t8/5 = 7–25s) for

welding of shape-welded base materials, the effect of



Table 1

Chemical composition determined by product analysis of the forged steel 20 MnMoNi 5 5 and of the shape-welded steel 8 MnMoNi 5 5

according to KTA 3201.1 [18]

Steel type Content, by mass, %

C Si Mn P S Cr Mo Ni Altotal Cu V As Sn N

20 MnMoNi 5 5a,b Min. 0.15 0.10 1.15 – – – 0.40 0.45 0.010 – – – – –

Max. 0.25 0.35 1.55 0.012 0.012 0.20 0.55 0.85 0.040 0.12 0.020 0.025 0.011 0.013

8 MnMoNi 5 5a,b Min. 0.05 – 1.00 – – – 0.45 0.80 – – – – –

Max. 0.10 0.30 1.50 0.012 0.010 0.10 0.60 1.10 0.040 0.10 0.015 0.025 0.011 0.020

a In the case of belt-line components, the phosphoros content should be max. 0.010%.
b When using the materials in the reactor pressure vessel, the contents of tantalum and cobalt shell each be max. 0.030%.

Table 2

Mechanical properties of the forged steel 20 MnMoNi 5 5 and of the shape-welded steel 8 MnMoNi 5 5 according to KTA 3201.1 [18]

Steel type Temperature

(�C)
0.2% – Proof stress

Rp0.2 (N/mm2) min.

Tensile

strength

Rm (N/mm2)

Elongation at

fracture

A5 (%) min.

Reduction

of area Z

(%) min.

Absorbed impact

energy (J) min.

Max. 320 Max. 650 Max. 650 Max. 320 >320

Max. 650

Single

value

Average

value of

three test

specimens

20 MnMoNi 5 5 0 – – – – – – 34 41

20 390 390 560–700 19 19 45 – –

350 343 314 Min. 505 16 14 – – –

8 MnMoNi 5 5 0 – – – – 100 120

20 480 570–700 20 65 120 150

350 390 Min. 510 17 – – –
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three different thermal cycles on primary microstruc-

ture of single beads has been investigated: (a) t8/5 =

15.8s, corresponding to a heat input of 2.80kJmm�1;

(b) t8/5 = 22.6s, corresponding to a heat input of

4.25kJmm�1; (c) t8/5 = 43.6s, corresponding to a heat

input of 6.65kJmm�1 (average values of each three t8/5
measurements). The first t8/5 time (15.8s) corresponds

approximately to welding parameters used for produc-

tion welds, both for joining welds and shape-welding

applications (5mm diameter wire electrode; 750A cur-

rent; 32V DC; 8.7mms�1 welding speed). For the other

two t8/5 times (22.6 and 43.6s) double and triple wire

electrodes of 4mm (parallel arrangement) and increased

welding current (1150A and 1800A) were used, respec-

tively, without changing the arc voltage and the weld

speed. All test welds were deposited at the same preheat-

ing temperature of 100 �C and maximum interpass tem-

perature of 250 �C.
To enable such single beads to be tested in represen-

tative conditions they were deposited on a 130mm thick

shape-welded material of equal chemical composition

(described below more closely). In order to facilitate

the accommodation of Charpy-V notch (CVN) speci-

mens (10 · 10 · 55mm3) inside of single beads, as shown

in of Fig. 2, the beads were deposited along a machined
depression (interrupted line in Fig. 2). To verify in addi-

tion the effect of stress-relief annealing on microstruc-

ture and toughness, a heat treatment deliberately

carried out at elevated temperature and over a longer

duration (650 �C for 8h, heating rate 50C� per hour, fur-
nace cooling down to 100 �C) was used. The notch-im-

pact energy was investigated at temperatures between

�30 �C and +50 �C (average of three individual results

for each temperature).

2.3. Multilayer test coupon

As for future applications mainly shape-welding by

axial material build-up (vertical axis of rotation) comes

into consideration [19], a corresponding test coupon

was fabricated and examined in detail by optical micros-

copy and CVN tests. Fig. 3 illustrates schematically this

approach.

In order to verify at the same time the effect of heat

input near to its upper limit (t8/5 = 25s), the test coupon

was manufactured using welding parameters corres-

ponding to a cooling time t8/5 = 22.6s (double wire elec-

trodes of 4mm, welding current 1150A). A working

temperature between 150 and 250 �C was maintained

during welding. To verify again the effect of stress-relief



Fig. 1. CCT diagrams of the compared two steels [20].

Fig. 2. Macro-section of an 8 MnMoNi 5 5 single weld bead

deposited on shape-welded base metal, illustrating the location

of Charpy-V specimen.

Fig. 3. Schematic diagram of the test coupon manufactured by

axial material build-up and examined metallographically and

by CVN tests.
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annealing on microstructure and toughness, a heat

treatment at 600 �C for holding time of 3 · 6h was used.

This time the impact tests were made at �12 �C in order

to corroborate the comparison with the required mini-

mum values at 0 �C (Table 2).
3. Results and discussion

3.1. Primary microstructure

Comparing the chemical composition of the two steels

(Table 1) it stands out that the shape-welded version is
characterised mainly by minimized carbon content

(0.05–0.10%). Due to the well known sensitivity to car-

bon of low alloyed weld metal [11] the reduction of the

carbon concentration improves radically the welding

behaviour of the 8 MnMoNi 5 5 shape-welded steel,

which is confirmed by the CCT diagrams presented in

Fig. 1. While the forged steel, Fig. 1(a), achieves hardness

values over 450 HV10, the shape-welded steel exhibits

maximum hardness values of less than 350 HV10. This

forms the basis for the exceptionally reliable crack resis-

tance of the 8 MnMoNi 5 5 without any risk of LBZ

occurrence, and for its considerably enhanced toughness

reserves in comparison with the forged steel (Table 2).

The primary microstructure of single beads gener-

ated by welding with normal and with excessive heat in-

put is exemplified in Fig. 4. In both cases (t8/5 = 15.8s

and t8/5 = 43.6s) typical large columnar grains are iden-

tifiable as well as thin allotriomorphic ferrite layers at

the grain boundaries. The increase of heat input causes

a visible rise in thicknesses of grain boundary ferrite lay-

ers, without affecting significantly either the size of

austenitic grains nor the microstructure within the

grains. At increased magnification, as shown in Fig. 5,

a detail of the allotriomorphic ferrite at the grain

boundary, as well as the very fine-grained acicular fer-

rite in the grain interior are identifiable. Widmanstätten

ferrite was not found in the as-deposited conditions, or

does occur in negligible and not easy identifiable

amount, being probably widely suppressed by the intra-

granular bainite formation. The formation of this type

of primary microstructure was already studied in detail

several years ago [12], establishing that its formation is

promoted by three main factors: the relatively large size

of the austenite grains, the presence of a relatively high

inclusion density (serving the heterogeneous intragranu-

lar nucleation of acicular ferrite), and the presence of a

layer of inert allotriomorphic ferrite at the austenite

grain surfaces (causing a transition from bainite to acic-



Fig. 4. Primary microstructure in the central region of single beads corresponding to usual (t8/5 = 15.8s) and to excessive (t8/5 = 43.6s)

heat input.

Fig. 5. Primary microstructure at columnar grain boundaries in the central region of single beads corresponding to usual (t8/5 = 15.8s)

and to excessive (t8/5 = 43.6s) heat input a – allotriomorphic ferrite at grain boundaries; aa – acicular ferrite (intragranularly nucleated

bainite).
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ular ferrite, i.e. bainite nucleation in the interior of the

austenite grain instead of its nucleation at the grain

boundary).

At higher magnification power (magnified display

details in Fig. 5) it becomes apparent that in the as-

deposited state the size of acicular ferrite plates is

slightly increased when welding with excessive heat input

(t8/5 = 43.6s).

Similar microstructural behaviour was found after

stress-relief annealing of single beads, as shown in Fig.

6. In all micrographs the presence of oxide inclusions af-

firmed the importance of optimized oxygen contents [13]

in the 8 MnMoNi 5 5 submerged arc-weld metal.
The effect of heat input variations is more precisely to

quantify by means of single bead CVN tests. This results

are summarized in Fig. 7. A single bead which is welded

using standard parameters (single wire electrode) and

usual heat input (t8/5 = 15.8s) comes to highest tough-

ness values, both in as-deposited conditions and after

PWHT.

The fact that single bead CVN values react suscepti-

bly to heat input variations proves the severe character

of the test method and its suitability to verify the tough-

ness behaviour of shape-welded steels or the welding

technology to be used for further processing of shape-

welded steels. The results affirm that for a well designed



Fig. 6. Microstructure after stress-relief annealing in the central region of single beads corresponding (on the left) to usual and (on the

right) to excessive heat input.

Fig. 7. Effect of heat input on Charpy toughness (CVN) of

single weld beads in as-deposited and in annealed conditions.

Fig. 8. Magnified detail from Fig. 3 containing all four

structural regions: 1 – FZ; 2 – cgHAZ; 3 – fgHAZ; 4 – ovHAZ.
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shape-welded steel it is not enough to obtain acicular

ferrite in the primary microstructure, but also as thin

as possible layers of inert allotriomorphic ferrite.

3.2. Reheating effects in multilayer material

Four main structural zones are distinguished on the

magnified detail presented in Fig. 8: (1) – FZ (fusion

zone consisting of non-transformed weld metal); (2) –

cgHAZ (coarse-grained heat-affected zones, reheated

far above AC3 up to near the melting point, character-

ized as LBZ in the case of wrought steels); (3) – fgHAZ

(fine-grained heat-affected zones, reheated above AC1

into a grain-refining temperature range); (4) – ovHAZ

(overlapping heat-affected zones). Especially the com-

plex nature of the ovHAZ (4) formed by mutual over-

lapping of cgHAZs (2) and fgHAZs (3) is visible in

this picture. It appears at the relatively low optical mag-

nification that the columnar fusion zone (1) has the larg-

est grain size, whereas in the neighbouring over reheated
coarse-grain zone (2) smaller non-columnar austenitic

grains occur. Under it, in zone (3), the columnar charac-

ter of the reheated material seems to be maintained

although it was reheated above AC1 into a grain-refining

temperature range.

It is striking, that except zone (1) – FZ – the thermal

history of the other three zones becomes less pro-

nounced at higher magnifying power, as visible in the

micrograph examples presented in Fig. 9. It is again af-

firmed in zone (1) that acicular ferrite is the dominating

phase within the entire volume of columnar grains. Be-

sides in zone (1), the allotriomorphic ferrite layer at

the grain boundary appears to be inert, as no signs for

intergranular nucleation of bainite or Widmanstätten

ferrite have been found. Systematically less pronounced

and discontinuous ferritic grain boundaries occur in all

other zones (2, 3, and 4), and less acicular and more

granular character of bainitic ferrite is detected inside

the grains. Sporadically intergranular bainite and even

isolated Widmannstätten ferrite formation were identi-

fied in zone (2). It is difficult to state more precisely

the history of this transformations, because of the widely

diversified possible temperatures involved. Using selec-



Fig. 9. Micrographs of the four structural regions from Fig. 8: 1 – FZ; 2 – cgHAZ; 3 – fgHAZ; 4 – ovHAZ.

K. Million et al. / Journal of Nuclear Materials 340 (2005) 25–32 31
tive heat treatments the aforementioned research work

has shown [12] that allotriomorphic ferrite was activated

by annealing at 760 and 750 �C, and bainite shaves have

formed as a consequence. However in zone (2), the smal-

ler size of austenite grains seems to affect the inert char-

acter of the allotriomorphic ferrite.

As well, like in the case of single bead investigations

no significant microstructural changes have been found

due to PWHT.

The results obtained with CVN tests using selective

notch locations (according to Fig. 3) are summarized

in Fig. 10. This test series affirm the results obtained
Fig. 10. Macrograph of an 8 MnMoNi 5 5 shape-welded test

coupon manufactured by axial material build-up, stating the

CVN values (J) at �12�C (smallest single value/average value)

after PWHT (600�C, for 3 · 6h); values in brackets are results

obtained before PWHT.
with single bead CVN tests and allow following

amendments:

• increased heat input even near to the permitted upper

limit (t8/5 = 25s) does not have a significant effect nei-

ther on the microstructure nor on the toughness

behaviour of the shape-welded steel 8 MnMoNi 5 5;

• unlike single beads, no CVN values below the

required minimum have been detected in multilayer

material confirming the beneficial effect of multilayer

welding;

• transverse notch orientation to columnar grains

results systematically in highest CVN values even at

increased heat input, confirming the result made with

single bead that the loss of toughness at increased

heat input is caused by intergranular and not intra-

granular structural changes;

• no essential change in toughness occurred due to

stress relieving, which complies with similar results

obtained in C–Mn all-weld deposits when optimum

carbon and manganese content was retained [21].
4. Conclusions

The results confirm that for a well designed 8 MnMo-

Ni 5 5 shape-welded steel it is not sufficient to obtain

acicular ferrite in the primary microstructure, but it is

necessary to get at the same time grain boundaries with

thin enough and inert layers of allotriomorphic ferrite;

excessive heat input causes increased grain boundary

layer thickness having detrimental effects on the tough-

ness behaviour of the steel.

The considerably enhanced toughness reserves of the

shape-welded steel represent the essential selection crite-

rion for future applications and new developments; this

superior criterion has to be fulfilled already by single

beads in as-deposited conditions.
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For this purpose the single bead test described in this

paper offers a simple method for selection of feed mate-

rials (flux–wire combination) as well as for development

and survey of manufacturing technologies.
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