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The British Standards Institution retains ownership 
and copyright of this PAS. BSI Standards Limited as the 
publisher of the PAS reserves the right to withdraw or 
amend this PAS on receipt of authoritative advice that 
it is appropriate to do so. This PAS will be reviewed at 
intervals not exceeding two years. 

This PAS is not to be regarded as a British Standard.  
It will be withdrawn upon publication of its content in, 
or as, a British Standard.

The PAS process enables a Guide to be rapidly 
developed in order to fulfil an immediate need 
in industry. A PAS can be considered for further 
development as a British Standard, or constitute part 
of the UK input into the development of a European or 
International Standard.

Relationship with other publications

PAS 6010, Additive manufacturing – Wire for directed 
energy deposition (DED) processes in additive 
manufacturing – Specification

PAS 6011, Additive manufacturing – Non-destructive 
testing for use in directed energy deposition – Guide

Copyright is claimed on the image [Inside of Ti64 
WAAM pressure tank] on the front cover. Reproduction 
of this image is with kind permission of Cranfield 
University and WAAM3D Ltd.

Information about this document

This publication can be withdrawn, revised, partially 
superseded or superseded. Information regarding the 
status of this publication can be found in the Standards 
Catalogue on the BSI website at bsigroup.com/
standards, or by contacting the Customer Services team.

Where websites and webpages have been cited, they 
are provided for ease of reference and are correct at 
the time of publication. The location of a webpage or 
website, or its contents, cannot be guaranteed.

WAAM is a trade mark owned by WAAM3D Ltd, 
5 Thornton Chase, Milton Keynes, MK14 6FD, UK. This 
information is given for the convenience of users of this 
PAS and does not constitute an endorsement by BSI of 
the process named. Equivalent processes may be used if 
they can be shown to lead to the same results.

Use of this document

As a guide, this PAS takes the form of guidance and 
recommendations. It should not be quoted as if it were 
a specification or a code of practice.
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Presentational conventions

The provisions of this PAS are presented in roman 
(i.e. upright) type. Its requirements are expressed in 
sentences in which the principal auxiliary verb is “shall”.

Commentary, explanation and general informative 
material is presented in smaller italic type, and does not 
constitute a normative element.

Where words have alternative spellings, the preferred 
spelling of the Shorter Oxford English Dictionary is used 
(e.g. “organization” rather than “organisation”).

Contractual and legal considerations

This Publicly Available Specification does not purport to 
include all the necessary provisions of a contract. Users 
are responsible for its correct application.

Compliance with a Publicly Available Specification 
cannot confer immunity from legal obligations.
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Introduction

In recent years, Additive Manufacturing (AM) has become 
an established manufacturing route alongside casting, 
forming, machining, joining and surfacing processes. 
Defined in BS ISO/ASTM 52900:2015 as “a process of 
joining materials to make objects from 3D model data, 
usually layer upon layer”, AM is often cited as offering 
direct and decentralized production, with reduced 
dependency on expensive and dedicated tooling.

Whilst the field of AM has been subject to many 
technical advancements in the past three decades, 
the high cost (purchase, operation, maintenance and 
depreciation) of AM machines and materials present 
major challenges to AM progression [1]. There has been 
limited ability to replace conventionally made parts 
economically, particularly large parts. The application 
of AM has therefore been primarily focused on niche, 
high-value and technically-demanding parts of small-
build volume, where the benefit of greater design 
freedom offsets the high cost.

Wire Arc Additive Manufacturing (WAAM) is a directed 
energy deposition (DED) additive manufacturing 
technology that is broadening the applicability of AM. 
Using an electric arc as a fusion source to melt wire 
feedstock, metallic end-use parts of medium-to-large 
build volume and low-to-moderate levels of complexity 
can be cost-efficiently produced. This capability can 
be attributed to the low cost of wire relative to metal 
powder used for powder-based AM for many materials, 
low capital expenditure, and a high deposition rate 
achievable within a flexible build envelope. Moreover, 
by lowering the barrier to entry, the non-tangible 
benefits of AM and DED may be accessible to more 
cost-sensitive manufacturers for the first time.

A compromise of the high deposition rate is that an 
as-built surface can be uneven and within a wide 
manufacturing tolerance. This means that WAAM 
is often reliant on post-process finishing to meet 
dimensional and geometric requirements. However, 
even with post-processing accounted for, substantial 
raw material and cost savings have been demonstrated 
in comparison to CNC machining and forging processes. 
Besides new part manufacture, as a DED process, 
WAAM can also be readily applied to feature addition 
and repair applications.

Recently, WAAM is becoming increasingly 
industrialized, with growth in both numbers of end 
users and equipment suppliers. The aerospace industry, 
as an early adopter of WAAM, has seen the process 
mature significantly for production of large titanium 
alloy aerospace components previously conventionally 
forged and machined. For example, WAAM parts 
produced by Norsk Titanium achieved US Federal 
Aviation Authority certification for production of 
WAAM parts for the Boeing 787 Dreamliner in 2015 [2]. 
Other applications of WAAM have been demonstrated 
in space, nuclear, automotive and marine industries, as 
well as in design, architecture and art.

NOTE The Military Aviation Authority, UK MASAAG 
Paper 124 Issue 1 and DNVGL-CG-0197 provide 
guidance for qualification and certification of WAAM 
for military and marine applications, respectively. 
General certification guidance for AM, including 
recommendations applicable for WAAM is provided in 
guidance documents by ABS 299 and Lloyds Register. 
Information on materials, material tolerances, and 
quality control procedures and processes for the 
aerospace sector for Wire Fed Plasma Arc DED is 
provided by SAE AMS-7004, and for Titanium alloy 
preforms, SAE AMS-7005.

Despite the growing interest and application, there is 
limited information to aid prospective users in effective 
implementation of WAAM. This PAS is intended to 
fulfil this need through providing practical guidance 
to enable organizations to embrace the technical and 
economic opportunities associated with WAAM.
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1 Scope

This PAS provides an overview of the wire fed arc 
directed energy deposition, more commonly known 
as wire arc additive manufacturing (WAAM), process 
characteristics, benefits and limitations relative to 
other DED and conventional processing routes. This 
is intended to aid potential users in evaluating the 
suitability of adopting WAAM for a given application. 
It also covers:

•	the general architecture and sub-systems that 
constitute a WAAM machine and their effect on 
WAAM capability;

•	key process parameters and their influence on the 
WAAM process;

•	considerations for effective WAAM path-planning, 
monitoring and control, and post-processing; and

•	terminology relevant to WAAM.

This PAS does not cover other additive manufacturing 
processes, process qualification or quality assurance, nor 
does it provide guidance for a specific user application 
or material.

This PAS is aimed at WAAM machine developers and 
process parameter developers.

This PAS may also be of interest to potential end users 
of WAAM technology.

This PAS does not purport to address all of the safety 
concerns, if any, associated with its use. It is the 
responsibility of the user of this standard to establish 
appropriate safety, health, and environmental 
practices and determine the applicability of regulatory 
limitations prior to use.
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2 Normative references

The following documents are referred to in the text in 
such a way that some or all of their content constitutes 
provisions of this PAS. For dated references, only the 
edition cited applies. For undated references, the latest 
edition of the referenced document (including any 
amendments) applies. 

ISO 841:2001, Industrial automation systems and 
integration – Numerical control of machines – 
Coordinate system and motion nomenclature

PD ISO/TR 25901-1:2016, Welding and allied processes – 
Vocabulary – Part 1: General terms, Welding and allied 
processes – Vocabulary – Arc welding

PD ISO/TR 25901-3:2016, Welding and allied processes – 
Vocabulary – Welding processes

PD ISO/TR 25901-4:2016, Welding and allied processes – 
Vocabulary – Arc welding

BS ISO/ASTM 52900, Additive manufacturing – General 
principles – Terminology

BS EN ISO/ASTM 52921:2016, Standard terminology for 
additive manufacturing – Coordinate systems and test 
methodologies
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3 Terms, definitions and abbreviations

3.1 Terms and definitions

For the purposes of this guide, the terms and 
definitions given in ISO/ASTM 52900:2015(EN),  
BS EN ISO/ASTM 52921:2016, ISO/TR 25901-1:2016(EN), 
ISO/TR 25901-3:2016(EN), ISO/TR 25901-4:2016(EN),  
ISO 841:2001 and the following apply.

3.1.1 additional processes 

procedures carried out in-situ of WAAM deposition to 
directly affect the dynamics of the melt pool, an intra-
layer basis during WAAM deposition or an interlayer 
basis between WAAM deposition periods

3.1.2 as-built 

state of components made by DED before any post-
processing except where removal from a build platform 
is necessary

3.1.3 build platform 

base which provides a surface upon which the building 
of the part is started and supported throughout the 
build process

3.1.4 feature addition 

deposition of material to a part made by an alternative 
manufacturing process to produce a preform in 
accordance with the design specification 

3.1.5 preform

geometry of the WAAM deposition before post-
processing

3.1.6 WAAM equipment 

individual apparatus used in a WAAM machine

3.1.7 WAAM operator 

person who sets up, maintains, and runs WAAM 
equipment

3.1.8 WAAM process planner 

person who specifies process parameters, tool paths, 
and build procedures for production of WAAM parts 
using WAAM equipment

3.1.9 wire arc additive manufacturing (WAAM) 

DED approach that uses an electric arc as a source of 
fusion to melt wire feedstock and preceding material  
to build a part or feature preform, layer by layer

3.2 Abbreviations

AM	 additive manufacturing

CNC	 computer numerical control

CTD	 contact tip distance

DED	 directed energy deposition

EB-DED	 electron beam directed energy deposition

EWW	 effective wall width

GMA	 gas metal arc

GTA	 gas tungsten arc

LB-DED	 laser beam directed energy deposition

MAG	 metal active-gas

MIG	 metal inert-gas

PA	 plasma arc

TAG	 tungsten active-gas

TIG	 tungsten inert-gas

TWW	 total wall width

WAAM	 wire arc additive manufacturing 
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4 WAAM suitability considerations 

4.1 An evaluation of WAAM suitability for adoption for 
a given application should consider the following: 

a) 	 the potential for manufacturing cost reduction 
compared to conventional manufacturing processes; 

b) 	 the value that might be provided by incorporating 
a cost-efficient AM process, such as greater 
responsiveness, design freedom and material 
capability; and 

c) 	 the value of the unique processing characteristics in 
WAAM relative to other AM processes. 

NOTE For any one application, it is possible that only 
one of these considerations, or a combination, form the 
drivers relevant to adoption. 

4.2 Adoption for cost reduction relative 
to conventional manufacture 

4.2.1 Case studies have shown that WAAM can be 
cost-effective for parts previously produced by CNC 
machining or forging routes [3, 4]. One reason 
for this is the resultant part mass for conventional 
manufacturing routes comprises only a fraction of the 
raw material supplied. In forging, to promote material 
flow and maintain processing temperature, extra stock 
material is added, and several millimeters or more 
of material is machined away to remove superficial 
residual stresses and oxide layers from the surface. 
In contrast, the near-net shape deposition in WAAM 
results in efficient use of raw material which can lead 
to reduction in energy consumption as well as material 
[5]. As the wire feedstock used in WAAM is, in many 
cases, widely available from the welding supply chain, 
the cost/kg of the raw material is generally comparable 
to billet. This allows significant material cost saving to 
be possible for the production of net-shape parts. 

NOTE Materials and wire diameter sizes not commonly 
available as welding filler material can incur a price 
premium and extended lead times. Materials of 
low ductility may be difficult to be wire drawn and 
therefore can be more expensive, difficult to source, 
or require specific research & development to produce. 
It is possible to feed multiple wires of different 
composition to the melt pool to generate a WAAM 
metal of tailored composition in-situ (see 5.3). 

4.2.2 The suitability of WAAM adoption for a cost-
driven application is dependent on the part design, 
material and production characteristics as shown in 
Figure 1. 

NOTE Figure 1 allows users to understand the key 
factors driving suitability of WAAM from a cost 
perspective and is not intended as a conclusive decision 
tool. 
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