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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
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rnmental, in liaison with ISO, also take part in the work. ISO collaborates closely with \th
nal Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

nal Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

task of technical committees is to prepare International Standards. Draft International Standarg
y the technical committees are circulated to the member bodies for voting:\Publication as 4
nal Standard requires approval by at least 75 % of the member bodies casting.a-vote.

ional circumstances, when a technical committee has collected data-of.a different kind from th
normally published as an International Standard (“state of the art”, for.example), it may decide by
pjority vote of its participating members to publish a Technical Report. A Technical Report is entire
e in nature and does not have to be reviewed until the data 4t provides are considered to be 1
id or useful.

is drawn to the possibility that some of the elements of this document may be the subject of pate
D shall not be held responsible for identifying any or allbsuch patent rights.

7671-7 was prepared by Technical Committee ISO/TC 44, Welding and allied processe
hittee SC 10, Unification of requirements in the (field of metal welding.

7671 consists of the following parts, under the general title Welding — Recommendations fi
f metallic materials:

1: General guidance for arc welding

2: Arc welding of ferritic steels

3: Arc welding of stainless steels

4: Arc welding of.aluminium and aluminium alloys
5: Welding of-clad steels

6. Laser.beam welding
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7."Electron beam welding
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Introduction

This part of ISO/TR 17671 contains special recommendations for the electron beam welding of metallic
materials and should be observed in connection with the general recommendations for welding in accordance
with ISO/TR 17671-1. It includes details on quality requirements, production welding facilities as well as the
fdabitity of some Tmateriatsardcontaims informratiomr o wetding procedures:

—

he special properties of electron beam welding derive from the high power and power densityin the beam
bot, the resulting "deep welding effect” and the unique controllability of the process.

[72]

m

ectron beam welding is recommended for welding metallic materials which require low heat ipput, low
hrinkage, low distortion, and for welding dissimilar or reactive metals. It allows/high welding spgeds and
pxibility of design by joining simple components. The electron beam is able to join very thin and Very thick
pctions and the combination of both. It is also suited to automation and quality‘gentrol.

nw = on

equests for official interpretations of any aspect of this Technical Report-should be directed to the Sgecretariat
ISO/TC 44/SC 10 via your national standards body, a complete listing of which can be |found at
WW.iS0.0rg.

SO
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TECHNICAL REPORT ISO/TR 17671-7:2004(E)
Welding — Recommendations for welding of metallic
materials —
Part 7:

tlectron beam weldlng
1 Scope
This part of ISO/TR 17671 may be used for the electron beam welding (process No. 51 in accordance with
IO 4063) of weldable metallic materials in accordance with ISO/TR 15608\(see Annexes A and B). It does
npt contain data on permissible stresses on weld seams or on the testing.and evaluation of weld seams. Such
data can either be seen from the relevant user standards or should be\separately agreed upon between the
copntracting parties.
Al requirement for the application of this part of ISO/TR 17674 is that the recommendations be| used by
appropriately trained and experienced personnel.
2| Normative references
The following referenced documents are indispensable for the application of this document. Hor dated

dpcument (including any amendments) applies.

IO 3834-1, Quality requirements for)fusion welding of metallic materials — Part 1: Guidelines for
ahd use

130 3834-2, Quality requirements for fusion welding of metallic materials — Part 2: Comprehensi
réquirements

IO 3834-3, Quality~requirements for fusion welding of metallic materials — Part 3: Standaf
réquirements
130 3834-4;~ Quality requirements for fusion welding of metallic materials — Part 4: Elementa
réquirements

rgferences, only the edition cited applies()For undated references, the latest edition of the referenced

selection

e quality

d quality

Y quality

1304063, Welding and allied processes — Nomenclature of processes and reference numbers

ISO 6520-1, Welding and allied processes — Classification of geometric imperfections in metallic materials —

Part 1: Fusion welding

ISO 13919-1, Welding — Electron and laser-beam welded joints — Guidance on quality levels for

imperfections — Part 1: Steel

ISO 13919-2, Welding — Electron and laser beam welded joints — Guidance on quality levels for

imperfections — Part 2: Aluminium and its weldable alloys

ISO 14732, Welding personnel — Approval testing of welding operators for fusion welding and of resistance

weld setters for fully mechanized and automatic welding of metallic materials

© 1SO 2004 - All rights reserved
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ISO 14744-1, Welding — Acceptance inspection of electron beam welding machines — Part 1: Principles and
acceptance conditions

ISO 14744-2, Welding — Acceptance inspection of electron beam welding machines — Part 2: Measurement
of accelerating voltage characteristics

ISO 14744-3, Welding — Acceptance inspection of electron beam welding machines — Part 3: Measurement
of beam current characteristics

ISO 14744-4, Welding — Acceptance inspection of electron beam welding machines — Part 4: Measurement
of weldingspeed

ISO 14744-5, Welding — Acceptance inspection of electron beam welding machines — Part 5: Meastrement
of run-ouf accuracy

ISO 14744-6, Welding — Acceptance inspection of electron beam welding machines — Part 6; Measurement
of stability of spot position

ISO/TR 15608:2000, Welding — Guidelines for a metallic materials grouping system

ISO 156(9-3, Specification and qualification of welding procedures for metallic materials — Welding
procedure specification — Part 3: Electron beam welding

ISO 15614-11, Specification and qualification of welding proceduresfor- metallic materials — Welding
procedurg test — Part 11: Electron and laser beam welding

ISO/TR 1|7671-1, Welding — Recommendations for welding of metallic materials — Part 1: General guidange
for arc welding

3 Terms and definitions

For the prposes of this document, the terms and definitions given in ISO 13919-1, ISO 13919-2, ISO 1474431,
ISO 156(09-3, ISO 15614-11 and the following apply.

31
accelerating voltage
electric pptential difference, U,, between cathode and anode

3.2
beam cufrent
the valuef /g, of the electriccurrent in the beam

3.3
beam oscillation
periodic deflection of the electron beam from the initial position defined in terms of pattern, dimensions and
frequenc

See Figure 1.

3.4
cosmetic pass
superficial remelting of the weld in order to enhance its appearance

NOTE This pass is usually made with a defocused or oscillating beam.
3.5
defocusing

deviation from the normal focus position (e.g. focus on work-piece surface)

2 © ISO 2004 - All rights reserved
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-
e

Kpy

N

oscillation width
initial position of the beam
oscillation length

w N

Figure 1 — Terms of electron beam oscillation

w

6
gcusing distance
stance between the focusing lens plane and beam focus position

O =h

Sge Figure 2.

3|7
working distance
stance between the surface”of the work-piece and a standard reference point on the equipmen{ which is
trceable to the true focusing lens plane

Q.

Sge Figure 2.

3/8
ns current
irrent, fi5>which flows through the electromagnetic focusing lens

O o
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| | —— 5
P 1 |
3
2
6
? \/
1~
[~
Key
1 work-piece 5 focusing distance
2 workinjg distance 6 beam focus
3 heat grotection 7 beam spot
4  focusipg lens
Figure 2 — Definition of working distan¢e and focusing distance
3.9
slope-dogwn
controlleq decrease of the beam power at the end of-welding

The slopg-down region is the region on the work-piece in which the effects of slope-down occur. See Figure

The slopg-down region can consist of one‘or two areas, depending on the selected welding mode:

a) inpd

b) in ful

o

rtial penetration welding:

b region where penetration decreases continuously.
penetration welding:

A region where beam penetration is still complete;

h region-where penetration is partial or decreasing.

© ISO 2004 - All rights reserved
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L,

c) Typical beam current, I, profile for a circular weld with overlap

KFy

1  work-piece (welded zone) 7 slope-down region

2 delay between control starting and weld beginning 8 direction of work-piece motion
3 slope-up region 9 work-piece (unwelded zone)
4  overlapping region Iz beam current

5 electron beam [ weld length

6 remelted zone t weldtime

Figure 3 — Definition for termination of circular seams

© 1SO 2004 - All rights reserved 5
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slope-up
controlled increase of the beam power at the beginning of welding

See Figu

3.1
spiking

re 3.

local variation of fusion zone depths as a consequence of instabilities in the beam penetration mechanism

3.12
evacuati
hole for €

See Figu
3.13
working

pressure

3.14

interlayer material

bn hole
vacuating cavities in work-pieces

e 12.

pressure
measured in the welding enclosure in the vicinity of the work-piece

alloy addition introduced by means of pre-placed foil at the joint interface( to modify the weld fusion zone
compositfon, in order to improve weldability or weld performance
See Figufe 4.
1 2 3
Joint prepared Joint welded
Key
1 pareni material A
2  interlayer material
3 parenf material A or B
4  fusion/zone
Figure 4 — Welding with interlayer material
3.15
transition ‘material

buffer material insert used o allow welding of metallurgically incompatible materials

See Figure 5.
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NN

/
NN B\ )
| —

NNN NN

2
Joint prepared Joint welded
Kpy
1| parent material A
2| transition material
3| parent material B
4| fusion zone

Figure 5 — Welding of dissimilar metals with transition material

4 Quality requirements

The quality requirements should be given in the design specification prior to the beginning of welding work.
They should be based on ISO 3834-1 and I1SO 3834-2 of:\lSO 3834-3 or ISO 3834-4 and 1SO 13919-1 or
IO 13919-2, unless relevant user standards are available:

(3]

Storage and handling of parent metals and consumables

In order to avoid contact corrosion, foreign.metal inclusions etc., parent metals and consumables of dissimilar
classes of materials, in accordance with¥SO/TR 15608, should not be stored and processed jointly.

Welding facilities

bmagnetisation devicés Jand cleaning facilities. In this clause, only those facilities which are of |particular

6

Welding facilities include._the electron beam welding machine, workshop, tools, clamping | devices,
d

significance for electron’beam welding will be described in more detail.

The electron beamywelding machine should be installed so that environmental conditions, such as mechanical
viprations, noise and dirt from neighbouring machines, electric and magnetic fields do not influence the quality
of welds. Moreover, noise control regulations pursuant to the equipment safety act should be observed for the
vacuum pumps. In larger workshops, the machine operators' and machine setters' workplaces ghould be
shielded against disturbances from manufacturing operations (e.g. by means of partition walls). The exhaust
gases generated during evacuation of the working chamber shall only be released into the envirgnment in
accordance with the relevant emission regulations. Vhere particularly high demands are placed on weld
quality, it is recommended that filtered air or inert gas be used to ventilate the working chamber.

The supply voltage for the electron beam welding machine shall not vary by more than + 10 % and care
should be taken to ensure that the welding machine has a satisfactory earth connection.

Upon commissioning or in the case of displacement, modifications and repairs of major welding machine
components, the electron beam welding machine shall be subjected to an acceptance inspection in
accordance with 1SO 14744-1 to ISO 14744-6 (i.e. all parts of ISO 14744) as part of internal quality
management. In this acceptance inspection, the short- and long-term consistency, as well as the
reproducibility of the most important welding parameters and compliance with particular characteristic data
deviations, is measured and verified according to given deviation limits.

© 1SO 2004 - All rights reserved 7
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It is possible, using special equipment, that electron beam welding can be carried out at atmospheric pressure.
In this case, attention is drawn to the need to provide appropriate fume extraction.

Electron beam welding machines are operated at different accelerating voltages: up to 150 kV for vacuum
equipment and up to 200 kV for non-vacuum equipment. The accelerating voltage dictates the design of the
X-ray shielding.

All measures to fulfil the applicable radiation protection rules are to be implemented, complied with and
supervised by a radiological inspection officer.

Normally] the electron beam generator Is fixed to the working chamber. Alternatively the electron beam
generatof can be arranged to move with respect to the work-piece mounted either externally or internally to
the workl chamber. Consequently, the relative motion between electron beam and work-piece~can he
performefl by work-piece or generator motion, by beam deflection or by simultaneous motion of both.

7 Qualification of the welding personnel

The requjrements for the qualification of personnel for fully mechanized and automatic welding equipment a
laid dowp in I1SO 14732. Amongst the different procedures specified in this (part of ISO/TR 17671, th
functiona| test is particularly suitable as a basis for the recognition of personnel-responsible for the operatid
and set-\rp of electron beam welding machines as part of an internal quality management system. In

® D> DD

functiona| test, the operator or setter demonstrates his knowledge of working with a welding procedu
specification and of setting, supervising and checking the electron beam welding machine.

8 Welding procedure specification

All details for the electron beam welding of components are to be recorded in a welding procedufe
specification (WPS) in accordance with ISO 15609-3. This includes, e.qg.:

— worki-piece specification;

— matgrial specification;

— workd-piece demagnetisation;

— jointdesign;

— joint preparation;

— thermal pre-treatment;

— weld|sequencetacking, welding, cosmetic pass);

— clamjping device;

— work chamber pressure;
— working distance;
— welding data;

— mechanical and thermal post-treatment.

8 © ISO 2004 - All rights reserved
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9 Welding procedure test

The successful completion of a procedure test in accordance with 1SO 15614-11 records

:2004(E)

that the

manufacturer has performed electron beam welding, including preceding and subsequent machining, making

use of his operating facilities and personnel in accordance with a recognized welding instruction.

ISO 15614-11 contains data on the dimensions of test pieces for longitudinal and circular butt welds, for fillet
and stake welds and describes the type and scope of weld tests required as a function of the quality levels of

imperfections in accordance with ISO 13919-1 or ISO 13919-21) (see Annex C).

=

D Joint preparation

-—

D.1 Machining

o =

bjective is to prepare clean metal surfaces with a minimum gap when assembled.

Where components have surface layers produced by carburizing, anodizing, cadmium plating,
phosphating, galvanizing etc., these are to be removed, preferentially by-machining in and adjacs
weld joint region as shown in Figure 6.

3
A
1 1 )
2

2
Kpy
1| boundary-layer-treated work piece
2| boundary-layerremoved for welding
3| electron beam
4| 3 x upperbead width

Figure 6 — Example of preparation of surface treated work pieces

is recommended that all joint preparations be produced by machining or high-precision cutting. The

nitriding,
ent to the

10.2 Demagnetisation

Components containing ferromagnetic materials should be checked for residual magnetism and, if necessary,

demagnetized.

1) 1SO 13919-1 and ISO 13919-2 cover steel and aluminium. These International Standards can be used
other materials.

© 1SO 2004 - All rights reserved
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10.3 Cleaning

The quali

Attention

ty of electron beam welding relies on accuracy and cleanliness of the joint preparation.

should be paid to the resulting surface condition and compatibility of any coolant used.

Cleaning of weld joint surfaces should be carried out to remove all contaminants such as oxides, oil, grease,

coolant a

nd paint.

The specific cleaning method used depends on the material type, component size and the quality

requirem

a) man

bnts as well as the operational circumstances. The following treatments can be used:

Lal degreasing with a solvent;

b) cleaning in a closed solvent vapour unit or in an ultrasonic bath;

c) pre-t

d) acid

reatment by steam cleaning with a slightly alkaline additive, followed by drying;

pickling neutralization, washing in distilled water, drying, short-term storage:

10.4 Aslsembly

Followind cleaning, the components to be welded should be assembled {aking care to avoid recontaminatid
and magnetization.

11 Joint design

11.1 Lohgitudinal seams

If the components to be joined can be clamped,.a simple square butt joint is preferred (see Figure 7). F

accuracy

a spigot preparation can be used for location of the components (see Figure 8). Tack welding

always rgcommended for large components.

Electron
and 9).

peam welding with root backing.can be used if spatter and undercut are to be avoided (see Figures

If, in ordgr to remove the end crater, the component cannot be machined in the weld start and finish region

run-on o
accumulg
clamping

run-off plates should-be used (see Figure 10). These run-on/ run-off plates also suppress he

or welding to achieve good thermal contact and are subsequently removed.

t isthe

10

tion at the workpiece ends. The run-on/run-off plates should be attached to the work piece by

is

S,
at

work-piece thickness.

Figure 7 — Normal square butt weld

© ISO 2004 - All rights reserved
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t is the work piece thickness.

s is the weld r\nnn’rrnﬁnn

cpnd d are lengths to be defined.

Figure 8 — Square butt weld with spigot or integral backing

vz

is the work piece thickness.
is the weld penetration.

~

[

Figure 9 — Square butt weld'with detached backing

(€ _d@d@ @ << <F{F < < < CF < (<< < << << qC< (CCCCqd << qa< < qa@aaO )

L \
5

Kpy

1| run-onplate

2| work<piece

3| Crun-off plate

4  start of weld

5 end of weld

Figure 10 — Work piece with run-on and run-off plate for separating the weld start and weld end

11.2 Circular seams

For welding circular components a spigot preparation which facilitates alignment positioning of the
components can be used.

© 1SO 2004 — Al rights reserved 1
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Rotation-angle- or time-dependent control of the beam power and possibly other parameters (e.g. lens
current) is required. Particular difficulties can be encountered due to occurrence of spiking in the weld slope-
down. Depending on the type of materials and welding speed, spiking can be prevented in many cases by the
control of beam focus and beam oscillation parameters (shape, direction, frequency and dimensions) during
slope-down. When possible, circular welds should be designed to be located in regions of low applied stress
or else special consideration should be given to the permissible level of imperfections in the slope-down
region. For axial circular welds on components with narrow dimensional tolerances, a press fit (e.g. H7/r6 to
H7/n6) is recommended. For circular welds with a clearance fit, tacking is essential.

Examples of typical joint preparations for electron beam welding are given in Annex D.

12 Evacuation holes

Compongnt design or machining details can lead to the presence of trapped volumes or,cavities in the
assemblgd joint, which are closed and cannot be evacuated to the working pressure. These can lead fo
anomaliep during welding and therefore should be kept to a minimum volume (see Figure 1), or else should
be vented by means of an evacuating hole (see Figure 12).

X

1
\ & %
QO

l\ 0,5x45°

Unsuitable Better
Key
1 cavity
Figure 11 = Machining-related cavities
1
2
Key

1 electron beam
2 evacuation hole
3 cavity

Figure 12 — Weldment with additional hole for evacuating the cavity

12 © 1SO 2004 — All rights reserved
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13 Tack welds, cosmetic passes

Prior to full current welding, components can be secured by tack welding. This can be done using the electron
beam process or another welding process.

Weld bead appearance can be improved by means of a cosmetic pass. In this case, it should be checked
whether renewed fusion of the weld seam impairs the weld properties.

14—Thermal pre-andpost-heat treatment

a thermal treatment of the weld before and/or after welding is required for metallurgical reasons;-thé electron
pam can also be used for this purpose.

o =

=

5 Documentation

rl electron beam welding most of the machine and parameters are of an electrical nature. Thergfore it is
ppssible to monitor and record all welding data with which a component has been manufactured. Within the
framework of quality assurance, this information can be complemented-by’ monitoring the welding| machine
bndition as well as the dimensional tolerances of the work-piece.

Q

© ISO 2004 — Al rights reserved 13
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Annex A
(informative)

Information about weldability of metallic materials

All metallic materials can be rendered molten using a focussed electron beam and, consequently, most pufe
metals anpd alloys can be successfully welded. In its most simple form, electron beam welding is cafried out by
translating the beam, with respect to a close fitting joint, and locally melting the material. In most cases no
filler metal or consumable is necessary and welding is achieved in a single pass almost irréspective of the
material fhickness. Even a weld depth of > 100 mm can be achieved without the need for gitoeve preparatiop.
Consequently, the weld quality and properties achievable are controlled by the composition of the material
alone. When considering weldability, metallic materials are divided into discrete,groups based on thgir
principle glements as described in A.2 to A.7.

A.2 Steels and iron alloys

A.2.1 Ggneral
Most steg¢ls and iron alloys that are weldable by conventional fusion welding processes can be successfully
joined uding the electron beam process. Also, because of\the narrow electron beam weld profile and the
absence pf hydrogen, many steels which are otherwise considered difficult or impossible to fusion weld can e
joined uding electron beam welding. Special consumables or preheating are not normally necessary. It |is
importan{ however, in electron beam welding, that steels are specified with low levels of impurities such as
sulfur an@l phosphorus, in order to prevent solidification cracking and that materials are sufficiently well de-
oxidized,|i.e. degassed or aluminium treated, to minimize the risk of weld porosity.

U

A.2.2 CIMn steels and structural steels

C-Mn stdels and structural steels_can be joined in a single pass in thicknesses ranging from <1 mm }o
> 200 mm and, provided that certain composition controls are recognized, good weld quality can Qe
consistently achieved.

The rapid thermal cycle associated with the electron beam process invariably results in welds in steels with
excessively high tensil€)strength and hardness. Thus, it is sometimes necessary to add material to modify the
weld metpl composition*or perform a post weld heat-treatment operation if high levels of fracture toughness pr
low hardness are-required.

Ideally, for C-Mn steels the carbon content should be < 0,2 % in order to minimize the risk of high hardness
levels. Elgctron beam welding is not recommended for free-machining steels.

A.2.3 Quenched and tempered steels and alloy steels

In many applications, including aero-engine and automobile transmission parts, components are electron
beam welded in high strength alloy steels and are frequently used in the as-welded condition. NiCrMo steels,
for example, and high alloy creep-resistant steels can be welded in substantial thicknesses, without
preheating. Again, low impurity levels are beneficial, particularly if toughness properties are important. The
tendency for cold cracking is increased with thickness and carbon content. Alloy steels containing nickel are
more sensitive to hot cracking.
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A.2.4 Stainless steels

Most common types of stainless steel are readily weldable using the electron beam process including
austenitic grades, ferritic, duplex and precipitation-hardening martensitic stainless steels. The duplex and
some austenitic materials are commonly alloyed with nitrogen and thus welding procedures should be
developed which minimize the risk of porosity formation due to nitrogen outgassing and which compensate for
the detrimental effect of nitrogen loss on phase balance and stability. For the majority of austenitic-ferritic
steels (duplex stainless steels) a low welding speed is recommended and a post-weld solution heat treatment
is necessary to guarantee development of sufficient austenite in the weldment. For thick materials, e.g.
> 25 mm, the use of nickel alloy addition is recommended. This is best achieved by means of an interlayer.

The precipitation-hardening grades show a slight degradation in tensile strength when electron beam welded.
Tensile strength can be restored, if required, by a post-weld ageing operation.

A.2.5 Cast irons

Q

ast irons are not generally considered to be readily electron beam weldable, predominantly for metallurgical
gasons. With the exception perhaps of ductile and spheroidal graphite irons;electron beam weld|ng is not
gcommended as a joining process for cast irons.

= =

A.2.6 Softiron

(0)]

pft iron and silicon iron, used in transformer and electric motor manufacture, are electron bean welded
Iccessfully in a variety of industrial applications.

[72]

>

.3 Nickel and nickel alloys

any of the popular nickel alloys used in weldedfabrications can be joined satisfactorily using the electron
pam welding process. Pure nickel, Ni-Cu, Ni-Cr; Ni-Be alloys and many Ni-Fe alloys can be weldgd without
fficulty. It should be noted however, that-pure nickel and some nickel alloys are ferro-magneti¢ and the
bcessary precautions should be taken. The complex high temperature alloys, designed to have gqod creep
gsistance at high temperature, can-bge welded using electron beam welding, often in preferenge to arc
elding because of the minimal metallurgical disturbance and low thermal strains induced by the electron
bam process. Care should be taken however, to prevent HAZ liquation cracking during welding and to avoid
acking during post-weld heatstreatment of the more complex super alloys.

S >S oo =

0T s

A.4 Aluminium and“magnesium alloys

The majority of. wrought aluminium and magnesium alloys, available commercially, can be¢ welded
atisfactorily .using the electron beam process. Most Al-Mn alloys (3xxx type) are considered to lye readily
Idable. €are should be taken when welding Al-Si-Mg alloys (6xxx type) and dissimilar metal conbinations
avoidhet'cracking (Figure A.1). Some of the heat treatable Al-Cu-Mg alloys (e.g. 2014 and 2219 type) have
better electron beam weldability than the common non-heat-treatable grades although they require post-weld
ageing' to restore strength properties. Evaporation of volatile constituents during welding, particuldrly in the
d series—At-alleys—{in—s v N - se—diffieutties—due—to—gun—flash-over,
loss of alloy content and subsequent degradation of properties. Cleaning prior to welding is especially
important and the majority of weld defects that occur are often a consequence of poor cleaning practice. Many
of the cast alloys can also be electron beam welded although the weld quality achievable depends heavily on
the quality of the casting and, in particular, the residual gas content.

A.5 Copper and copper alloys

Unlike many of the other thermal processes used for joining pure copper, electron beam welding can be
carried out without the need for any pre-heating operation and can join components in excess of 150 mm
thickness in a single pass. So called 'pure' copper may contain impurities such as oxygen, sulfur and carbon
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which can compromise its weldability due to the formation of porosity (e.g. Cu-ETP). Oxygen free, high
conductivity copper (OFHC, ISO 1190-1) or phosphorus de-oxidized grades (e.g. EN 1173 Cu-DPH or Cu-
DLP) are preferred.

The majority of copper alloys, with the marked exception of the brasses (Cu-Zn alloys), can be welded but

again, cast materials can be problematic if the parent material quality is poor and residual gas content is high.
Some high strength materials, e.g. those alloyed with zirconium, can suffer from cracking problems.

A.6 Refractory and reactive metals

The ability to work in a vacuum environment makes it possible to use the process for joining metals which npt
only have high melting points but also those which are extremely reactive when hot or molten. Titahjum and
many of its alloys can be readily welded using the electron beam process without the danger of oxidation and
hydrogen embrittlement and subsequent undetectable degradation of ductility. For this reason, the process |is
used widely in the aero engine industry for welding safety-critical titanium alloy parts. Similarly zirconium
alloys, which are also extremely reactive, can be welded without difficulty under vacuum,_Likewise tantalum,
niobium, vanadium and their alloys can be joined successfully using electron beam welding but again impurity
levels can profoundly influence the weld quality and properties achievable.

Tungsten, molybdenum and their alloys can be joined, but consideration should)be given to joint details |n
order to thke into account the poor ductility of the resulting welds.

A.7 Dissimilar metals

One of the particular advantages offered by the electron beam process is that the beam intensity is such thpt
dissimilaj metals with vastly different thermal conductivities@nd melting points can be welded successfully
without pfeferential melting of the lower melting point material. Although not all combinations are possible, dye
to metallyrgical incompatibility and the formation of undesirable intermetallic compounds, many dissimilar
combinatjons are possible. It should be noted that thermo-electric currents are generated (due to the couple
thermal gffects) whilst welding dissimilar metal combinations, which can give rise to strong magnetic fields and
deflection) of the electron beam. The severity\'ef this phenomenon is highly dependent on the material
combinatjon, their magnetic and electrical properties and the component geometry.

Where thHe combination of materials gives' rise to embrittlement it is often possible to introduce a mutually

compatibje transition material or toyuse an electron-beam brazing/diffusion-bonding approach with gn
appropridte interlayer (see Figures(4,and 5).

A.8 Non-metals

Whilst welding of non=metals using the electron beam process is generally not possible, drilling, cutting and
engraving can sometimes be performed.
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X| Alloy contents (%)
Y| Tendency to hot cracking

Figure A.1 — Sensitivity to hot cracking depending on alloying content in aluminium
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Annex B
(informative)

Summary of electron beam weldability of metals with reference to

B.1 Gr

Steels arg grouped as shown in Table B.1. Only those elements that are specified in material standards pr
specifications are considered. The figures given in group 1 and 11 refer to the ladle analysis of 'the materials.

The figur

The follo

| Weldable:

weld
depd

I Weld
som
com
of al

[l Limited weldability:

matdg
circu

ISO/TR 15608:2000 groups

puping system for steels

bs given in groups 4 to 10 are based on the element content used in the designationjef‘the alloys.

ving grouping of weldability classes (WCL) is used in Tables B.1 to B.7:

5 with good quality can be produced reliably without difficulty. Mechanical properties achievable wji
nd on precise welding procedures and material composition details.

able with caution:
b materials in this group can be welded although special<techniques and restrictions on material
position may be required. Special techniques include pre-and post weld heat treatment and the uge
oy additions.

rials in this group are known to cause difficulties with electron beam welding. In extreme
mstances it can be possible to develop welding procedures to produce joints for limited application.

Table B.1 — Grouping system for steels

Group

Weldability

Sub-group Type of steel class

Steels with-a_specified minimum yield strength R < 460 N/mm?2 @ and with
an analysis-in % of:

C<0,25
Si < 0,60

Cu<0/40P

Nr=<0;5%

Cr < 0,3 (0,4 for castings) P
Nb < 0,05

V<0,12b

Ti < 0,05

18
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Table B.1 (continued)

Weldability
Group Sub-group Type of steel class
1.1 Steels with a specified minimum yield strength R ., < 275 N/mm?2 |
1.2 Steels with a specified minimum yield strength 275 N/mm? < R, < 360 N/mm? |
1 13 Normalized fine grain steels with a specified minimum yield strength I
. Rgyy > 360 N/mm?
14 Steefswithrmproved atmospheric corTosiomT TESTStarnte whose anatysis ay I
’ exceed the requirements for the single elements as indicated under 1
Thermomechanically treated fine-grain steels and cast steels with a specified
minimum yield strength R, > 360 N/mm?
2 21 Thermomechanically treated fine-grain steels and cast steels with a specified I
. minimum yield strength 360 N/mm? < R, < 460 N/mm?
29 Thermomechanically treated fine-grain steels and cast steels with-a specified I
’ minimum yield strength R, > 460 N/mm?
Quenched and tempered steels and precipitation hardened steels (except
stainless steels) with a specified minimum yield strength R, > 360 N/mm?2
3.1 Quenched and tempered steels with a specified minimum yield strength I
3 ' 360 N/mm? < Ry, < 690 N/mm?
Quenched and tempered steels with a specified minimum yield strength
3.2 2 ]
Rgpy > 690 N/mm
3.3 Precipitation hardened steels (except'stainless steels) Il
Low vanadium alloyed Cr-Mo-(Ni) steels with Mo < 0,7 % and V < 0,1 %
4 4.1 Steels with Cr < 0,3 % and'Ni < 0,7 % Il
4.2 Steels with Cr < 0,%%)and Ni < 1,5 % 1l
Cr-Mo steels ftee-of vanadium with C < 0,35 % ©
5.1 Steels with 0,75 % < Cr < 1,5 % and Mo < 0,7 % ]
5 5.2 Steels'with 1,5 % < Cr < 3,5% and 0,7 % <Mo < 1,2 % ]
5.3 Steels with 3,5 % <Cr< 7,0 % and 0,4 % <Mo < 0,7 % 1l
5.4 Steels with 7,0 % <Cr < 10,0 % and 0,7 % <Mo < 1,2 % ]
High vanadium alloyed Cr-Mo-(Ni) steels
6.1 Steels with 0,3 % < Cr < 0,75 %, Mo < 0,7 % and V < 0,35 % ]
6 6.2 Steels with 0,75 % <Cr < 3,5%, 0,7 % <Mo < 1,2% and V < 0,35 % Il
6.3 Steels with 3,5 % < Cr < 7,0 %, Mo < 0,7 % and 0,45 % <V < 0,55 % ]
6.4 Steels with 7,0 % < Cr < 12,5 %, 0,7 % <Mo < 1,2 % and V < 0,35 % ]
Ferritic, martensitic or precipitation-hardened stainless steels with C < 0,35 %
and 10,5 % < Cr< 30 %
7 7.1 Ferritic stainless steels I
7.2 Martensitic stainless steels Il
7.3 Precipitation-hardened stainless steels |
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Table B.1 (continued)

b Ahigh
¢ "Free

d A high

ordance with the specification of the steel product standards, R may be replaced by Rpo,z or R
er value is accepted provided that Cr + Mo + Ni + Cu + V < 0j75 %.

of vanadium" means not deliberately added to the material.

er value is accepted provided that Cr + Mo + Ni+Cu+ V < 1 %.

Group Sub-group Type of steel We(l::sbsility
Austenitic steels
8.1 Austenitic stainless steels with Cr < 19 % |
° 8.2 Austenitic stainless steels with Cr > 19 % ]
8.3 Manganese austenitic stainless steels with 4 % <Mn <12 % Il
Nickel alloyed steels with Ni < 10,0 %
9.1 Nickel alloyed steels with Ni < 3,0 % H
° 9.2 Nickel alloyed steels with 3,0 % < Ni < 8,0 % |
9.3 Nickel alloyed steels with 8,0 % < Ni < 10,0 % I
Austenitic-ferritic stainless steels (duplex)
10 10.1 Austenitic-ferritic stainless steels with Cr < 24 % 1}
10.2 Austenitic-ferritic stainless steels with Cr > 24 % ]
Steels covered by group 19 except 0,25 % <C < 0,5 %
11 11.1 Steels as indicated under 11 with 0,25 % < C < 0,35.% |
11.2 Steels as indicated under 11 with 0,35 % < C <\0;5 % |
a8  Inacg

10,5

20
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B.2 Grouping system for aluminium and aluminium alloys

Aluminium and aluminium alloys are grouped as shown in Table B.2. The figures given are based on the
element content used in the designation of the alloys.

Table B.2 — Grouping system for aluminium and aluminium alloys

Weldability

Group Sub-group Type of aluminium and aluminium alloys class

21 Pure aluminium < 1 % impurities or alloy content 1

Non heat treatable alloys

221 Aluminium-manganese alloys |
22 22.2 Aluminium-magnesium alloys with Mg < 1,5 % |
22.3 Aluminium-magnesium alloys with 1,5% < Mg < 3,5 % ]
22.4 Aluminium-magnesium alloys with Mg > 3,5 % I

Heat treatable alloys

23 231 Aluminium-magnesium-silicon alloys Il

23.2 Aluminium-zinc-magnesium alloys Il

Aluminium-silicon alloys with Cu < 1 %

24 24 1 Aluminium-silicon alloys with Cu < ¥ %'and 5 % <Si < 15 % |
242 Aluminium-silicon-magnesium,alloys with Cu < 1 %; 5 % < Si < 15 % and il
' 0,1 % <Mg < 0,80 %
o5 . Aluminium-silicon-coppefalloys with 5 % < Si < 14 %; 1 % < Cu < 5 % and Il
Mg < 0,8 %
26 — Aluminium-copper:-alloys with 2 % < Cu < 6 % Il

Groups 21 to 23 are generally for wrought matérials and groups 24 to 26 are generally for cast materials.
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B.3 Grouping system for copper and copper alloys

Copper and copper alloys are grouped as indicated in Table B.3.

Table B.3 — Grouping system for copper and copper alloys

31to 36

Group Sub-group Type of copper and copper alloys Wecl:?::si"ty
31 Pure copper |
Copper-zinc alloys
32 321 Copper-zinc alloys, binary Hl
32.2 Copper-zinc alloys, complex 1]
33 Copper-tin alloys |
34 Copper-nickel alloys |
35 Copper-aluminium alloys |
36 Copper-nickel-zinc alloys ]
37 Copper alloys, low alloyed (less than 5 % other elements) ‘not'covered by Il
groups 31 to 36
38 Other copper alloys (5 % or more other elements).not/covered by groups il

B.4 Grpuping system for nickel and nickel alfoys

Nickel and nickel alloys are grouped as indicated, ifyTable B.4. The figures given are based on the eleme
content ysed in the designation of the alloyss (It is recognized, however, that the weldability of the allg

groups 43 to 48 is heavily dependent on minoralloy additions such as Al, Ti, Nb etc.

Table B.4 — Grouping system for nickel and nickel alloys

y

Group Type of nickel and nickel alloys Wecl:cliaasbs“ity
41 Pure nickel |
42 Nickel-copper alloys (Ni-Cu) Ni > 45 %, Cu > 10 % |
43 Nickel*chromium alloys (Ni-Cr-Fe-Mo) Ni > 40 % Il
44 Nickel-molybdenum alloys (Ni-Mo) Ni > 45 %, Mo < 32 % |
45 Nickel-iron-chromium alloys (Ni-Fe-Cr) Ni > 30 % ]
46 Nickel-chromium-cobalt alloys (Ni-Cr-Co) Ni > 45 %, Co > 10 % |
47 Nickel-iron-chromium alloys (Ni-Fe-Cr-Cu) Ni > 45 % ]
48 Nickel-iron-cobalt alloys (Ni-Fe-Co-Cr-Mo-Cu) 25 % < Ni < 45 % and Fe > 20 % ]

22
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B.5 Grouping system for titanium and titanium alloys

Titanium and titanium alloys are grouped as indicated in Table B.5.

Table B.5 — Grouping system for titanium and titanium alloys

Group Sub-group Type of titanium and titanium alloys Wel?:sbsi"ty

Pure titanium Il

51.1 Titanium with O, < 0,20 % |

51 51.2 Titanium with 0,20 % < 0, < 0,25 % I
51.3 Titanium with 0,25 % < O, < 0,35 % |

514 Titanium with 0,35 % <O, < 0,40 % |

52 Alpha alloys? Il
53 Alpha-beta alloysP Il
54 Near beta and beta alloys® N

al  Alloys covered by group 52 are: Ti-0,2Pd; Ti-2,5Cu; Ti-5A1-2,5Sn; Ti-8Al-1M68-1V; Ti-6Al-2Sn-4Zr-2Mo; Ti-6Al-2Nb-1Ta-0,8Mo.
bl Alloys covered by group 53 are: Ti-3Al-2,5V (WCL Il); Ti-6AI-4V (WCL H_Ti*6A1-6V-2Sn (WCL I1); Ti-7Al-4Mo (WCL II).
¢l Alloys covered by group 54 are: Ti-10V-2Fe-3Al; Ti-13V-11Cr-3Al; Ti*11,5Mo-62Zr-4,5Sn; Ti-3AI-8V-6Cr-4Zr-4Mo.

N Insufficient experimental work.

.6 Grouping system for zirconium and zirconium alloys

Z{rconium and zirconium alloys are grouped as indicated in Table B.6.

Table B.6-—= Grouping system for zirconium and zirconium alloys

Group Type of zirconium and zirconium alloys Wel?::s:"ty
61 Pure(zirconium |
62 Zireonium with 2,5 % Nb |
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B.7 Grouping system for cast iron

Cast irons are grouped as indicated in Table B.7.

Table B.7 — Grouping system for cast irons

Group Sub-group Type of cast iron We(l:lzl:sbsility
71 Grey cast irons with specified tensile strength or Brinell hardness 1]
Spheroidal graphite cast irons with specified mechanical properties
Spheroidal graphite cast irons with specified tensile strength, 0,2 % proof
72 721 stress and elongation or specified Brinell hardness 4
722 Spheroidal graphite cast irons (like 72.1) with specified impact resistance I
values
Malleable cast irons
73 731 Whiteheart malleable (decarburized) cast irons most suitable for welding |
73.2 Whiteheart malleable (decarburized) cast irons I
73.3 Blackheart malleable (non-decarburized) cast irons m
74 Austempered ductile cast irons N
Austenitic cast irons
75 751 Austenitic spheroidal graphite cast irons with,specified element content |
75.2 Austenitic spheroidal graphite cast irons |
75.3 Austenitic grey cast irons N
76 Cast irons except 71 to 75
76.1 Abrasion resistant cast irons [}

N Insufficient experimental work.
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Information about causes of weld imperfections and prevention

Table C.1 — Causes of weld imperfections and prevention

Weld imperfection
(reference No. in
accordance with

1ISO 6520-1)

Possible cause

Proposed prevention

grack (100)

cause for a quench crack is an excessively
high carbon content (in the case of carbon
steels), cooling rate too high

thermal treatment immediately bef
after welding (e.g. with defocused
beam);"decreasing the welding sp¢g
constructional provision to avoid sh
constraints

re and/or
blectron
ed;
rinkage

cause for a liquation crack is the
precipitation of low-melting eutectics-at the
grain boundaries and shrinkage stresses
during cooling

changing the welding speed; modif
weld geometry to reduce residual V
stresses, e.g. radial instead of axig
weld and/or constructional provisio|
shrinkage constraints; welding with
filler metal to influence the weld po
metallurgically

ying the
velding
circular
h to avoid
a special
pl

grater crack (104)

crack preferentially atthe weld end as a
consequence ofishrinkage constraint during
solidification of-.the concave upper bead

for longitudinal seams, displace en
seam to run-off plates;

for circular seams, controlled redug
the beam power (slope-down)

d of the

tion of

dorosity and gas pores (200)

contamination of the weld joint

cleaning the weld joints

incemplete degasification of trace and
alloying elements due to excessively fast
solidification of the weld pool

beam defocusing, beam oscillation
reduction of the welding speed

instability of the vapour cavity

beam defocusing, beam oscillation
reduction of the welding speed

Ipcalizedwand’linear porosity

joint contamination
material composition

proper cleaning
change material specification or ad
welding procedure

just

spiking porosity in partially penetrating
welds

adjust welding procedure to minimi
spiking

slopne-down spikina norosity
14 g I y

adiust slone-down procedure
T g 14

pipe

shrinkage, cavity and crater

unintentional interruption of the weld
process, e.g. gun discharge or metal
ejection

appropriate equipment design and
maintenance
attention to joint design details
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Table C.1 (continued)

Weld imperfection
(reference No. in
accordance with

Possible cause

Proposed prevention

ISO 6520-1)

incomplete fusion of the weld joint as a
consequence of beam misalignments, checking and correcting the beam;
magnetic deflection or insufficient weld increasing the weld width
width
incomplete fusion of the weld joint side walls | checking and correcting the positioning of.
as a consequence of incorrect positioning of | the filler metal;
the filler metal or insufficient weld width increasing the weld width

lack of fugion (401)

beam deflection due to residual magnetism
or electrostatic effects in the working
chamber

demagnetising the work piece and tooling;

removal or shielding of equipment causing

electromagnetic fields (e.g-electric motors)
elimination of electrostatic effects; magnet

screening

beam deflection when welding dissimilar
materials as a consequence of magnetic
fields (thermal couple effects)

magnetic screening or measuring the beam
deflection in_a\test seam and compensation
during welding

incomplefe penetration

insufficient beam power
excessive welding speed
appropriate focus setting

select appropriate welding parameters

equipment malfunction

isolate fault and rectify equipment

undercut [5011, 5012)

for vertical beam axis: interaction of molten
pool agitation, surface tension and surface
viscosity

beam oscillation, beam defocusing,
changing the welding speed, cosmetic pass

for horizontal beam axis: interagtion of
molten pool agitation, gravitation, surface
tension and surface viscosity

beam oscillation, beam defocusing,
changing the welding speed, cosmetic pass

excess weld metal (502)

as a consequence-Of transverse shrinkage
especially for partially penetrated welds

cosmetic weld, chamfering the weld
preparation

as a consequence of material transport
opposite tothe welding direction

for longitudinal seams, displace weld start tp
run-on plate

for circular seams, controlled increase of th
beam power (slope-up)

w

excessivg penetration (504)

consequence of transverse shrinkage and
gravity effects

adjust the welding procedure, joint
preparation detail, cosmetic pass, welding
on backing

linear misalignment
(507)

inadequate tacking and/or tooling

change assembly procedure

incorrect machining

check joint details

sagging

due to gravity in flat position

change welding position or adjust welding
procedure

incompletely filled groove
(511)

root concavity (515)

material is ejected due to the combined
effect of gravitation, vapour pressure in the
weld cavity and excess through current

adjust the welding procedure, cosmetic
pass, weld on to backing, welding with
horizontal beam axis

weld spatter (602)

molten droplets ejected from the weld caps
and root

adjust the welding procedure; weld on to
backing; weld with a spatter protection
shield or use a spatter release agent so that
the spatter does not adhere to the work-
piece and can be easily removed
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Annex D
(informative)

Examples of preparation of circular joints

For better clarity in all figures the various items are not always reproduced to scale.

n the following figures the electron beam is represented by the symbol '

Figure D.1 — Various types of radial joints with centring
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