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the continual adoption of LBAM for part fabrication/repair within the global industry at large. Hence,
it is important to determine the mechanical properties of parts fabricated via LBAM as to predict their
performance while in service. This article is part of two-part series that provides an overview of Direct
Laser Deposition (DLD) for additive manufacturing (AM) of functional parts. The first part (Part I) provides
a general overview of the thermo-fluid physics inherent to the DLD process. The objective of this current
article (Part II) is to provide an overview of the mechanical characteristics and behavior of metallic
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Microstructure parts fabricated via DLD, while also discussing methods to optimize and control the DLD process. Topics
Fatigue behavior to be discussed include part microstructure, tensile properties, fatigue behavior and residual stress -
Process control specifically with their relation to DLD and post-DLD process parameters (e.g. heat treatment, machining).

Methods for controlling/optimizing the DLD process for targeted part design will be discussed — with an
emphasis on monitored part temperature and/or melt pool morphology. Some future challenges for
advancing the knowledge in AM-part adoption are discussed. Despite various research efforts into DLD
characteristics and process optimization, it is clear that there are still many areas that require further
investigation.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Nomenclature
. . Direct Laser Deposition (DLD) is a type of laser-based additive
AK stress intensity factor ranges, MPa,/m manufacturing (LBAM) process for fabricating metallic, functional
a crack length,' pm parts. In contrast to Selective Laser Melting (SLM), which utilizes
dafdN  crack extension per cycle, mm/cycle a bed of powder metal that is ‘selectively’ melted via a laser, DLD
¢ specific heat, J/kg ,K o is accomplished by simultaneously delivering metallic powder (or
G temperature_ gra.dlent at solid-liquid interface, K/m wire) and focused laser energy. In DLD, a relatively high powered
GS smallest grain size, p.m laser (e.g. Nd:YAG or CO,) is utilized to create a melt pool (or molten
h h?lght of substrate, mm ) pool) atop the surface of a substrate within an inert atmosphere
Jie J-integral fractu;e tougljness,‘kj/ m (e.g.argon); simultaneously, powder is injected/blown through the
k numbgr of fu,"cnonal dimensions laser beam and into the melt pool. Using a sliced 3D CAD (com-
K stress %ntens!ty factor,_MPaJ m puter aided drawing) file, parts are then built layer by layer, with
K stress mtepsny factor in Mode I, MPa,/m each layer assembled track by track via a user-defined tool path.
Kic plane-strain fracture toughness, MPa/m The DLD process can involve multiple nozzles or a single nozzle
Kmax maximum stress intensity, MPa,/m for the blown powder deposition; for example, a common technol-
K system gain ogy for accomplishing multi-nozzle, blown-powder DLD is Laser
! melt pool length,_mm Engineered Net Shaping (LENS) [1]. Table 1 demonstrates that, in
L latent heat of fusion, J/,kg addition to LENS, there are many other aliases and commercialized
M powder fgec_l rate, g/min . . technologies related to DLD [2-23]. Further details on the develop-
MS characteristic length scale for microstructural inter- ment and variations on DLD are provided in Part I.
actlon' . . . Direct Laser Deposition is unique in that it can be used for
Nsp non-dimensional spec.lﬁc energy index the additive manufacturing (AM) of functionally graded and pure-
Ne number of cycles to fallure metal parts, as well as for laser cladding/repair. It also has the
Nine number of cycles to 1n§ubate a crack potential to produce materials to exact dimensions for aerospace,
Nic qumber of cycles required for long crack propaga- medical, or military industries. Some common materials that have
tion . . been investigated for DLD include: titanium alloys [24-34], steels
Nwisc nqmber of cycles required for propagation of a [6,18,35-41], nickel base superalloys [40,42-47], cobalt base alloys
microstructurally sma.ll crack . [48-50], aluminum, and copper alloys [51]. Grylls [52] has specif-
Nesc pumberofcycles required for propagation of a phys- ically listed the following alloys from these material systems as
ically small cr.ack compatible with the DLD process: titanium alloys (e.g. Ti-22Al-
Nrorar  total fatigue life 23Nb, Ti-48-2-2, TiC), steels (e.g. 10V, 15-5 PH, 410, 416, AISI 309,
R sohdlﬁcapon rate. . Aermet 100, A2, MM 10, CPM S7), nickel base superalloys (e.g.
Rs stress ratio or strain ratio CMSX-3, Haynes 188, Haynes 230, IN600, IN690, IN713, MarM247,
R roughness, pm Rene 142, Rene N5), aluminum alloys (e.g. CP Al, 6061, 2024) and
Q laser beam radius, m copper alloys (e.g. Cu-10%Sn and GRCop-84). DLD is also capable
b laser power, W
S nominal stress, MPa
S transformed coordinate Table 1
Ta ambient temperature, K or °C Different powder-based laser deposition additive manufacturing techniques [2-23].
§L fleqnl:lliielfsttléiﬁblér(;iufe, oC Process Acronym References
v traverse speed, mm/s Laser cladding Lc (2.3]
@ fiting parameter for £q (3 e o e
B fitting parameter for Eq. (3) Directed light fabrication DLF [7-9]
y fitting parameter for Eq. (3) Laser forming Lasform [10]
A sphericity coefficient Shape deposition manufacturing SDM [11]
P strain Laser engineered net shaping LENS [12,13]
- time constant. s Laser powder fusion o LPF [4]
’ Freeform laser consolidation LC [14,15]
Laser-aided direct-metal/material deposition DMD [16-18]
Laser-based multi-directional metal deposition LBMDMD [19,20]
Laser-aided manufacturing process LAMP [21-23]
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