
Guest Editorial
Additive manufacturing
S. S. Babu1 and R. Goodridge2

There has been rapidly growing interest in additive manufacturing (AM) across the world in recent years, as the
capabilities of this set of technologies have been recognised and developed. The announcement of an initiative
by the President of the USA to start an institute focused on AM,1 as part of the National Network Manufacturing
Innovation Institute, resulted in a significant increase in the search terms ‘additive manufacturing’ and the
popular media’s preferred term ‘3D printing’ (see Fig. 1).

The ability to produce complex parts at reduced cost, including designs not able to be produced by traditional
manufacturing, has enabled low volume production and customised products to become economically viable
in many situations. This has led to reductions in lead times for product development and allows manufacture
at source. An additive approach has also been seen to reduce assembly time and to offer the potential for
improved sustainability through efficient use of materials. These advantages have already impacted a wide
range of high value industries including aerospace, automotive and healthcare.

This leads to an obvious question: why has this technology not been more widely adopted across a manu-
facturing economy that is worth US$5.7 trillion?2 The current lack in diversity of materials able to be processed
using AM techniques, coupled with an incomplete understanding of how materials are affected by processing
and the properties of the produced parts, is preventing these technologies being used in situations where
considerable benefits could otherwise be achieved. There is a pressing need for more comprehensive ver-
ification, validation and qualification of parts made by this technology.

The need for trial and error experimental optimisation negates the economical benefit of AM going from CAD to
part in one step. In addition, the lack of robust in situ process control or validation of material microstructure and
resulting mechanical properties in AM parts limits their use to niche non-structural applications. Furthermore,
there is a lack of sophisticated CAD models which can consider optimisation of topology (e.g. geometry),
processing routes (e.g. scan paths) and resulting scatter in material properties (e.g. fatigue). This special issue
of MST provides a snapshot of the ongoing research and development across many institutes to address these
challenges, as well as the unique opportunities offered by AM processes.

Topology optimisation, design of AM parts: As a result of the fact that AM technologies can realise physical
components with complex geometry from CAD easily, AM of topology optimised engineered structures has
gained traction. EADS engineers demonstrated this concept by designing and manufacturing an Airbus A320
nacelle hinge bracket3 having a form that can be manufactured only by AM technologies. Often, the objective
function of the optimisation is to satisfy load bearing through changes in geometry. However, in this issue, Kim
and co-workers4 provide the next step in topology optimisation that includes geometry and materials.
The topology optimisation algorithms work with commercial finite element methods, which in turn require
constitutive properties of materials along different directions. Conventional finite element methods use
experimentally measured anisotropic properties of AM parts, without an in-depth understanding of load
partitioning. In this issue, Rezayat et al.5 evaluate the role of load transfer between contours and rasters in AM
parts made by a single layer fused deposition modelling method. In future, such evaluations have to be
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repeated for all AM components with due consideration of multimaterials (metallic, polymer and ceramics), non-
linear and temporal stress–strain behaviour (plastic deformation and creep), as well as fatigue crack growth.
Along the same lines, Munguia and Dalgarno6 address the fatigue behaviour of Nylon 12 parts fabricated by
laser sintering. With emerging large scale AM processes,7 such computational evaluations will require high
performance computational (HPC) infrastructure.

Role of computational modelling of AM: The role of computational models to predict heat and mass transfer
associated microstructural evolution, as well as plastic deformation leading to residual stress and distortion, in
welding is well known.8 The philosophy of using computational models is embodied in the new worldwide
materials initiative known as integrated computational materials engineering (ICME).9 It is noteworthy that even
though it is possible to leverage the existing ICME tools for AM technologies, there are no published integrated
tools for all the existing AM technologies. However, pioneering work is being performed across the world to
address this challenge, one process at a time. In this special issue, Gockel et al.10 have used simple two-
dimensional (2D) finite element models to describe the processing map (function of process power and
velocity) in electron beam wire AM. This model is able to predict the desired melt pool depth as well as grain
size during AM of Ti–6Al–4V samples. Such processing maps can be used to reduce the scope of trial and
error experimentation. The above 2D heat transfer models have limitations in describing the complex solidi-
fication grain structure due to the role of convective liquid motion. For example, Kempen et al.11 use
experimental process optimisation for single tracks that considers wetting and fluid flow issues to achieve
builds with less porosity and acceptable microstructure and properties. The above optimisation cannot be
achieved by models considering only heat transfer. To address the above limitation, Manvatkar et al.12 have
used detailed three-dimensional (3D) models capable of solving conservations of mass, momentum and
energy conservation, as well as material addition. Based on these calculations, they have calculated liquid flow
velocities in the range of 0.4–0.6 m s–1, as well as temporally varying temperature gradient (G, dT/dx) and
liquid/solid interface velocities (R, dx/dt). The spatial variation of temperature, G and R, will have a large impact
on solidification grain structure. The role of G and R on solidification grain structure is also discussed in the
papers by Dehoff et al.13,14 in this issue. Extension of the above heat and mass transfer models to powder bed
fusion techniques often faces challenge with respect to number of melt beads and their lengths in a unit volume
of AM build due to the small size (100–200 mm) of the molten pool. In this issue, Zeng et al.15 outline an
innovative dynamic meshing routine to address this challenge. Finally, King et al.16 outline the need for mul-
tiscale modelling within HPC to capture the physical processes that occur in the size scale of powder interfaces
(,1 mm), melt pool (,100 mm) and part geometry (, mm), including melting, solidification, residual stress and
distortion. Data mining methodologies to extract optimum processing conditions from experimental and
modelling data are also outlined in this contribution.

Microstructure evolution during AM and mechanical properties: As mentioned above, all the fusion based
metal AM processes lead to unique combination of G (thermal gradient) and R (liquid/solid interface velocity)
during processing. The welding literature suggests that by changing G and R, it is possible to attain columnar
grain growth or equiaxed grain solidification.17 Unlike casting and welding, electron beam melting and direct
metal laser sintering (DMLS) powder bed fusion processes are capable of controlling G and R spatially within a
few hundreds of micrometres by manipulating the energy delivery and scan paths. Dehoff et al.13,14 have used
this idea to manipulate the crystallographic texture during AM of Inconel 718 alloy builds. The above dem-
onstration provides a unique pathway for the future design of metallic AM parts. For example, it is well known
that fatigue crack growth in single crystal nickel based alloys is very sensitive to the orientation of the crystals
with reference to loading axis.18 It is quite conceivable that, using the methodology outlined by Dehoff et al.,13

it will be possible to optimise the crystal orientation within a component to achieve site specific properties.
Along similar lines, Kempen et al.11 observed the spatial variations in the microstructure in a laser powder bed
process, concluding that the properties of the AM part are equivalent to or better than the properties achieved
by high pressure die casting. The alloys (Al–10.5Si–0.5Mg wt-%) used in these processes are close to the
eutectic composition and often not age hardenable. However, the authors report a substantial increase in
hardness (136–152 HV) after aging at 1758C for 6 h. This leads to a fundamental question: will the use of rapid
liquid/solid interface velocity during DMLS lead to non-equilibrium solute trapping?19 Further in depth analyses
by atom probe and high resolution transmission electron microscopy will be necessary to confirm precipitation
during aging.

Manufacturing of hybrid materials with unique properties: AM technologies can accelerate the manu-
facture of hybrid materials that combine metal, polymer, ceramic, glass and elastomers in different forms and
functions.20 In this issue, Bhat and Bourell21 report the manufacturing of a hybrid (Cu–SiC) metal matrix
composite material by laser sintering and electrodeposition. Interestingly, they found that this manufacturing
process led to a material with low coefficient of friction as well as high hardness.

On the evidence of the 11 papers commissioned for this issue, the editors are optimistic that with due diligence
and by leveraging the fundamental principles of materials science developed over the last century, AM
technologies will usher in on-demand and mass customised hybrid components at low cost and for high value
added applications, thereby competing with traditional manufacturing in an increasing range of applications.

Suresh Babu and Ruth Goodridge

Guest Editors

Guest Editorial

882 Materials Science and Technology 2015 VOL 31 NO 8



References

1. https://americamakes.us/
2. J. Manyika et al.: ‘Manufacturing the future: the next era of global growth and innovation’, McKinsey Global

Institute Report, November 2012, accessed from www.nist.gov.
3. M. Tomlin and J. Meyer: ‘Topology optimization of an additive layer manufactured (ALM) aerospace part’. Proc.

7th Altair CAE Technology Conf., 2011, accessed from http://www.altairhyperworks.com.
4. P. D. Dunning, C. J. Brampton and H. A. Kim: ‘Simultaneous material and topology optimisation using a level-set

method’, Mater. Sci. Technol., 2015, 31, 884–894.
5. H. Rezayat, W. Zhao, A. Siriruk, D. Penumadu and S. S. Babu: ‘Structure–mechanical property relationship in

fused deposition modelling’, Mater. Sci. Technol., 2015, 31, 895–903.
6. J. Munguia and K. Dalgarno: ‘Fatigue behaviour of laser sintered Nylon 12 in rotating and reversed bending tests’,

Mater. Sci. Technol., 2015, 31, 904–911.
7. C. Holshouser et al.: ‘Out of bounds additive manufacturing’, Adv. Mater. Process., 2013, 171, 15–17.
8. S. S. Babu: ‘Introduction to integrated weld modeling’, in ‘ASM Handbook’, Vol. 22B, (ed. D. U. Furrer and

S. L. Semiatin); 2010, Materials Park, OH, ASM International.
9. ‘Integrated computational materials engineering: a transformational discipline for improved competitiveness and

national security’. National Materials Advisory Board, Washington, DC, 2008, http://www.nap.edu/catalog/
12199.html

10. J. Gockel, J. Fox, J. Beuth and R. Hafley: ‘Integrated pool and microstructure control for Ti–6Al–4V thin wall
additive manufacturing’, Mater. Sci. Technol., 2015, 31, 912–916.

11. K. Kempen, L. Thijs, J. Van Humbeeck and J. -P. Kruth: ‘Processing AlSi10Mg by selective laser melting: parameter
optimisation and material characterisation’, Mater. Sci. Technol., 2015, 31, 917–923.

12. V. Manvatkar, A. De and T. DebRoy: ‘Spatial variation of melt pool geometry, peak temperature and solidification
parameter during laser assisted additive manufacturing processes’, Mater. Sci. Technol., 2015, 31, 924–930.

13. R. R. Dehoff, M. M. Kirka, W. J. Sames, H. Bilheux, A. S. Tremsin, L. E. Lowe and S. S. Babu: ‘Site-specific
control of crystallographic grain orientation through electron beam additive manufacturing’, Mater. Sci.
Technol., 2015, 31, 931–938.

14. R. R. Dehoff, M. M. Kirka, F. A. List III, K. A. Unocic and W. J. Sames: ‘Crystallographic texture engineering
through novel melt strategies via electron beam melting: Inconel 718’, Mater. Sci. Technol., 2015, 31, 939–944.

15. K. Zeng, D. Pal, H. J. Gong, N. Patil and B. Stucker: ‘Comparison of 3DSIM thermal modelling of selective laser
melting using new dynamic meshing method to ANSYS’, Mater. Sci. Technol., 2015, 31, 945–956.

16. W. King, A. T. Anderson, R. M. Ferencz, N. E. Hodge, C. Kamath and S. A. Khairallah: ‘Overview of modelling
and simulation of metal powder bed fusion processes at Lawrence Livermore National Laboratory’, Mater. Sci.
Technol., 2015, 31, 957–968.

17. J. M. Vitek: ‘The effect of welding conditions on stray grain formation in single crystal welds – theoretical analysis’,
Acta Mater, 2005, 53, 53–67.

18. P. A. S. Reed, X. D. Wu and I. Sinclair: ‘Fatigue crack path predicting in UDIMET 720 nickel-based alloy single
crystals’, Metall. Mater. Trans. A, 2000, 31A, 109–123.

19. M. J. Aziz: ‘Model for solute redistribution during rapid solidification’, J. Appl. Phys., 1982, 53, 1158–1168.
20. M. F. Ashby: ‘Hybrid to fill holes in material property space’, Philos. Mag., 2005, 85, 3235–3257.
21. D. Bhat Bourell: ‘Tribological properties of metal matrix composites coatings produced by electrodeposition of

copper’, Mater. Sci. Technol., 2015, 31, 969–974.

Guest Editorial

Materials Science and Technology 2015 VOL 31 NO 8 883

http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284715Y.0000000014&isi=000354497600004
http://www.maneyonline.com/action/showLinks?crossref=10.1016%2Fj.actamat.2004.08.039&isi=000225718100003
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284714Y.0000000697&isi=000354497600009
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284714Y.0000000702&isi=000354497600006
http://www.maneyonline.com/action/showLinks?isi=000316166100002
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284715Y.0000000022&isi=000354497600002
http://www.maneyonline.com/action/showLinks?crossref=10.1080%2F14786430500079892&isi=000232195300016
http://www.maneyonline.com/action/showLinks?crossref=10.1007%2Fs11661-000-0058-6
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284714Y.0000000703&isi=000354497600010
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284714Y.0000000701&isi=000354497600007
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284715Y.0000000010&isi=000354497600003
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284714Y.0000000610&isi=000354497600012
http://www.maneyonline.com/action/showLinks?crossref=10.1063%2F1.329867&isi=A1982NA59100060
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284714Y.0000000728&isi=000354497600011
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284714Y.0000000728&isi=000354497600011
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284714Y.0000000734&isi=000354497600008
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284714Y.0000000704&isi=000354497600005
http://www.maneyonline.com/action/showLinks?system=10.1179%2F1743284714Y.0000000734&isi=000354497600008

