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ARTICLE INFO ABSTRACT

Functionally graded materials (FGMs) represent a class of novel materials in which compositions/constituents
and/or microstructures gradually change along single or multiple spatial directions, resulting in a gradual
change in properties and functions which can be tailored for enhanced performance. FGMs can be fabricated
using a variety of well-established processing methods; however, it is also known that there are inherent
drawbacks to existing synthesis methods. As an emerging technology that provides a high degree of control over
spatial resolution, additive manufacturing (AM) provides an intriguing pathway to circumvent the drawbacks of
currently available methods. AM involves the selective deposition of individual layers of single or multiple
materials, and as such it offers the potential of local control of composition and microstructure in multiple
dimensions; such process conditions, in principle, can be tailored to construct complex FGMs with multi-di-
mensional and directional gradient structures. In this review paper, our current understanding of important
issues, such as modeling, processing, microstructures and mechanical properties, as related to FGMs produced
via AM, are described and discussed in an effort to assess the state of the art in this field as well as to provide
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insight into future research directions.

1. Introduction to functionally graded materials (FGMs)

When a space plane travels through the atmosphere, its combustion
chamber must sustain aggressive environments as well as temperatures
as high as 1000-2000 K which are so extreme that conventional com-
posite materials are unable to meet the required performance criteria.
Under such conditions, failure in a composite material occurs via de-
lamination, during which fibers separate from the matrix [1]. To solve
this problem, Naotake proposed a new class of composite materials,
namely functionally graded materials (FGMs) [2], based on the ob-
servations of naturally grown materials and structures, such as bone,
wood, teeth and fish scales, which consist of graded structures and as
such exhibit properties that surpass those of the individual component
materials [3-7]. FGMs are characterized by gradual transitions in either
compositions/constituents or microstructures (e.g., grain size, texture,
porosity, etc.), along at least one direction, leading to functional
changes associated with at least one property [8,9]. FGMs can be
classified into discontinuous and continuous, as schematically shown in
Fig. 1a and b. In discontinuous FGMs, compositions and/or micro-
structures change in a stepwise mode usually with the presence of
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interface. In contrast, in continuous FGMs compositions and/or mi-
crostructures continuously changes with positions. Fig. 1c through h are
schematic diagrams showing a variety of FGMs. Moreover, graded
structures are present either throughout the entire material or only in
some localized regions [10].

The graded structures in FGMs can effectively lower residual stress
level, thereby enhancing mechanical and physical properties. In dis-
continuous FGMs, not only do the interfaces between layers but also the
interlayer characteristics affect the magnitude of the resultant residual
stress [11]. For example, the volume fraction of a specific constituent
phase X at the interface of layer i, fy, as a function of the distance away
from the FGM surface, y; can be evaluated by the following equation:

_ (%Y
f"f'(r) )

where t is the total height of the FGM, and p is the material exponent.
The graded structure in each layer of an FGM can be optimized using
Eq. (1). In related work, K. Pietrzak et al. [11] studied the residual
thermal stresses in an Al,O3; —heat resistant steel assembly. They found
that, by introducing a functionally graded (FG) structure Al,O3; — Cr
layer between the Al,O3; and the steel, the residual stresses in the
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assembly can be reduced by about 50% [11,12].

2. Manufacturing of FGMs
2.1. Conventional manufacturing techniques for FGMs

Manufacturing techniques play a critical role in achieving the de-
signed compositional and microstructural distribution and thus the
properties of FGMs. In terms of geometry, there are two categories of
FGM:s: thin film/coating and bulk. The processing techniques used to
synthesize thin film/coating FGMs include gas-based methods and other
methods [13]. The processing techniques that can be used to manu-
facture bulk FGMs can be divided into liquid-phase and solid-phase
approaches. The details on techniques to manufacture both thin film/
coating and bulk FGMs are summarized in Table 1 [14-19].

CVD techniques using heat, plasma or light as an energy source.
During CVD, the typical gases used include: bromides, hydrides, and
chlorides. To attain chemical composition gradient required in FGMs,

Table 1
Conventional manufacturing techniques for FGMs.
Category Method Type of FGM
Gas based method [14-17] ® Chemical vapor deposition Thin film/
® Physical vapor deposition coating
® Thermal spray
® Surface reaction process
Liquid phase process ® Centrifugal casting, Bulk
[14,15] ® Gel-casting
® Sedimentation
® Tape-casting,
® Slip-casting
® Electrophoretic deposition
® Directional solidification
Solid phase process [14,15] ©® Powder metallurgy, Bulk
® Spark plasma sintering
Other methods ® Self-propagating high- Thin film/
[14,15,18,19] Temperature synthesis coating

Plasma spraying
Electrode deposition
Ion beam assisted deposition
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Fig. 1. Schematic diagrams illustrating: (a)
discontinuous and (b) continuous FGMs,
respectively. (c), (d) and (e) schematic dia-
grams showing discontinuous FGMs that
contain interfaces with gradual change in
composition, grain orientation and volume
fractions of two types of second-phase par-
ticles, respectively. (f), (g) and (h) sche-
matic diagrams showing continuous FGMs
in absence of interfaces and with gradual
change in grain size, fiber orientation and
volume fraction of second-phase particles
[10].

gases ratio, gas pressure, flow rate, gas type and deposition temperature
are carefully controlled [14]. However, the CVD techniques are usually
energy intensive and sometimes generate hazardous gases as by-
products [15].

The centrifugal casting process as used for the fabrication of FGMs
can be described as follows. First, the second phase (i.e., reinforcement)
is added into a molten metal to form a uniform mixture. Then, by ap-
plying gravitational/centrifugal forces, a predesigned gradient in the
volume fraction of the second phase is created and maintained by
controlling the solidification process [20]. Despite the potential for
mass production, precise control of the distribution of the second phase
presents a stringent challenge. Moreover, the mechanism underlying
the centrifugal method compromises the ability to manipulate the re-
sultant microstructure since the gradient is formed through a “natural”
segregation process, and thus the types of gradients that can be de-
signed. Although the centrifugation method can produce a continuous
FGMs this method is only limited to FGMs with radial gradients [21].

Starting with mixed or pre-alloyed powders, powder metallurgy
(PM) techniques as applied to produce FGMs involve stacking of pow-
ders in terms of a pre-designed spatial distribution function followed by
sintering to achieve full consolidation [22]. However, published results
suggest that FGMs fabricated using PM techniques almost always con-
tain a finite amount of pores which effectively degrade the thermal,
mechanical, physical, wear, magnetic and corrosion properties [23]. In
light of the limitations that result from using available approaches for
the fabrication of FGMs, the emergence of AM methods has been re-
ceived with great interest.

2.2. Additive manufacturing processing for FGMs

AM has been proposed as an effective approach to fabricate FGMs
with optimized stress profiles and excellent formability. Moreover, the
discrete nature of AM provides the potential for spatial and temporal
control of the microstructure such that geometrically complex compo-
nents that would be very hard to fabricate using machining, for ex-
ample, can be reliably manufactured with concomitant environmental
benefits [21,24-28]. In a related study, Lu et al. prepared geometrically
complex (i.e., gyroid, cubic lattice and Celtic knot) samples by fused
deposition modeling (FDM) [29]. In the sections that follow we will
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Fig. 2. Schematic diagrams showing the principles of (a) LENS [37] and (b) SLM/SLS [38], respectively. (c) FG Ti6Al4V sample fabricated by SLM [39]. (d) FG 304L

stainless steel/Inconel 625 sample fabricated by LENS [40].

describe and discuss the various AM technologies that have been de-
veloped for the fabrication of FGMs.

2.2.1. Laser-based processes

Currently, there are two major laser-based AM processes, namely
laser engineered net shaping (LENS) also known as directed energy
deposition (DED) and selective laser sintering/melting (SLS/SLM)
which are shown in Fig. 2a and b, respectively. In order to manufacture
a part using a laser-based processes, the geometry of the part is first
reproduced and divided into discrete layered units using computer
aided design (CAD) software, and then the part is completed via layer-
to-layer deposition following a predetermined sequence. Noteworthy is
that molds are not required during laser-based AM processes, reducing
the associated manufacturing costs. During laser-based AM processes, a
layer of metal powders is rapidly heated to a melting state by high-
energy laser and rapidly solidified by quenching of pre-deposited ma-
terials, as a result, the deposited parts are dense and a refined micro-
structure in the resultant parts can be achieved, enabling enhanced
properties [30,31].

The difference between LENS and SLS/SLM is the mode used to

build each individual layer. During LENS a layer is constructed by
point-point deposition, i.e., powders are first directed towards a specific
position followed by melting the powders by using laser heating and
rapid solidification. Based on the above description, it is feasible for
LENS to achieve point-to-point gradual changes in compositions/con-
stituents by changing compositions/constituents of powders during the
deposition of the part. The ability to change composition/constituent
when using the point-to-point mode enables using LENS to manufacture
complex FGMs with gradual composition/constituent along multiple
directions and dimensions. In contrast, during SLS/SLM a layer of
powders with thickness on the order of tens to thousands of micro-
meters are first delivered, and a laser beam selectively scans the layer of
powders per a pre-determined path, melting and sintering the scanned
powders. By using SLS/SLM, FGMs with a change in composition/
constituent along the direction perpendicular to the layers can be
readily manufactured via SLS/SLM, whereas layer-to-layer mode ren-
ders it difficult to manufacture complex FGMs with gradient composi-
tion/constituent along multiple directions and dimensions [32-36].
Val et al. [41], Choy et al. [42] and Fousova et al. [43] reported on
detailed studies on the use of AM for the fabrication of FGMs. Their
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results show that laser-based processes can be used to manufacture
metallic FGMs parts with excellent strength, and surface roughness
(< 10um) (it is important to note that values vary with machine type,
material and product geometry). In addition, by using a SLM, Beal et al.
[44] processed a discontinuous FGM comprising H13 stool steel and
copper with weight percentages of 0%, 25% and 50% [44]. As shown in
Fig. 2c and d, FGMs containing a gradient volume fraction of a sec-
ondary phase can be effectively manufactured using laser-based pro-
cesses [39,40].

2.2.2. Stereolithography process

As the earliest practical rapid prototyping technology, stereo-
lithography (SLA) has been widely used in various industry sectors such
as: aviation, automotive, electric appliances, consumer goods, medical
devices, to name a few, partly as a result of its ability to provide process
automation combined with good surface quality and dimensional ac-
curacy. The principle of SLA can be described as follows [45-47]: a
laser with a specific wavelength (e.g., 250-300 nm) is focused on a
point on the surface of a photocurable material (e.g., liquid photo-
sensitive resin) to promote polymerization, and then moved to another
point following a pre-determined sequence, doing the same operation
until polymerization is completed on a layer; the part is vertically lifted
by the preset height, and the aforementioned operation is repeated until
the entire part is manufactured, as shown in Fig. 3a.

SLA has been broadly used to process FGMs. For example, Liu et al.
[48] used topology optimization and SLA to produce FG porous mate-
rials as shown in Fig. 3b. In related work, Gonzalez et al. [49] prepared
a FG semi-maxillary-like implant structure consisting of a dense outer
shell and a porous bone-like central core using SLA In the FG structure,
the gradient change in volume fractions of alumina and polymer [49]
enables the functional characteristics of the outer shell and central core.

2.2.3. Material jetting process

The material jetting process starts with Polyjet printing, which is a
powerful 3D printing technology that can produce parts from a wide
range of polymers with microscopically smooth surfaces and accurate
dimensions down to 0.1 mm [50]. As a result, this process can produce
thin walls and complex geometries. As shown in Fig. 4a, Polyjet
printing uses an array of print-heads that move along the X and Y di-
rections during operation. The print-heads spray photopolymerizable
material onto a table, the roller smoothens the surface of the sprayed
materials, and the ultraviolet (UV) lamp cures the material. After the jet
printing and curing of one layer is completed, the table drops by the
thickness with a high degree of accuracy. The print-heads continue to
spray the photosensitive polymer material for printing and curing of the
next layer. The steps are repeated until the entire part is built. Usually,
following Polyjet printing an additional curing process is required to
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modify the surface quality of the parts. The above jet process can also
be used to fabricate metal parts, where subsequent sintering is required
to promote metallurgical bonding between powders [50-52]. Since the
type and amount of materials sprayed by print-heads are readily and
flexibly adjusted, this process can be used to engineer complex FGMs
with gradient compositions along multiple directions.

However, there is significant material waste using this process:
materials used to make the substrate and those removed during
cleaning of the nozzle are discarded [51]. Usually, materials including
FGMs manufactured by this process contain more flaws than those in
materials processed by other processes. In Fig. 4b, TiC/steel FGMs
processed by material jetting technique is shown [53].

2.2.4. Fused deposition modelling

The principle of FDM process shown in Fig. 5a can be described as
follows: a filamentous material is melted and selectively deposited by a
three-dimensional sprinkler controlled computer, forming a layer with
a pre-designed cross-section and cooled rapidly; then, the deposited
layer drops by a height of a layer and the next layer is deposited until
the entire part is manufactured [54,55]. As shown in Fig. 5b, Leu et al.
[56] developed a triple extrusion method to control the compositional
gradient required for paste extrusion. A limestone (CaCO3) part with a
graded color can be fabricated using FDM, as shown in Fig. 5c. A green
part with graded composition of alumina (Al,03) and zirconia (ZrO,)
was also manufactured. In related work by Singh et al. [57] Al/Al,O5
FGMs were prepared using a method that combines FDM with invest-
ment casting (IC).

The FDM process is a popular AM technology that provides proto-
typing advantages and has been widely used. FDM is a lower cost AM
method that uses less expensive materials and poses no risk of toxic
gases and chemical contamination. However, after FDM printing, the
surface is rough and thus requires additional steps. The highest preci-
sion achievable thus far is only 0.1 mm [57]. Due to the mechanical
movement of the nozzle, a support table is also required as speed is slow
[58]. The characteristics of the various techniques discussed are sum-
marized in Table 2 [59,60].

3. Toolpath planning and optimization of AM techniques for FGMs

Various contemporary AM technologies have been discussed in the
previous section. There are inherent advantages and disadvantages to
each of them, and there are also limitations in terms of the types of
materials that these technologies can accommodate. Despite the ob-
vious differences in terms of the process parameters that govern these
distinct technologies, the selected toolpath is particularly critical as it
directly influences the resultant material characteristics. An efficient
toolpath strategy is able to improve precision, quality, strength as well

Fig. 3. Schematic diagrams showing the principles of (a) SLA [38], and (b) a FGM, specifically a cellular panel with gradient porosity made by SLA technology [48].
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Fig. 5. (a) Schematic diagram showing the principles of FDM [38] and (b) of triple-extruder mechanism design [56]. (¢) A FGM consisting of Al,O3 and ZrO,

prepared by FDM [56].

as reduce building time [61]. The modeling of toolpath strategies has
thus evolved as an area of interest for AM FGMs, and review of the
published literature shows interesting results, as discussed in the sec-
tions that follow.

3.1. Toolpath planning and optimization

Langrana et al. [62] proposed one of the first material representa-
tion approaches as well as product design cycles for multi-material AM.
The representation approach separated the geometric information of
two materials while retaining the spatial relationships and sliced them
into two-dimensional (2D) images appropriate for layered manu-
facturing. An FDM program first processed these individual building
files extracted from sliced 2D images. A virtual simulation then com-
puted the defects and voids for a given toolpath. Provided that an ac-
ceptable toolpath was generated, a sample would be built by following

the toolpath while a video borescope recorded the building materials in
real time. When unanticipated defects are identified using a visual
feedback, the simulation assumptions are updated to provide more
accurate toolpath assessments [62]. Fig. 6a illustrates the iterative
process of optimizing multi-material fabrication, Fig. 6b and ¢ shows
the simulation results and the corresponding fabricated sample, re-
spectively. In their follow up research, two intelligent features were
added to the iterative toolpath generation process, which minimize the
number of paths and the distance from an end point to the next starting
point. In addition, an offset has been introduced between the interface
of two discrete materials to eliminate the voids that may evolve from
mismatch. Using this approach, bi-material prototypes devoid of in-
efficient toolpaths and voids were produced [63]. To manufacture a
sample that is completely defect-free, however, requires changing the
feedstock rate and minimizing the generation of corners to avoid de-
posit overfills and underfills [64], which was achieved in the work on
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Table 2
Characteristics of various AM techniques [35,45,50,55,57-60].

Materials Science & Engineering A 764 (2019) 138209

Technology Materials Advantages Disadvantages Surface roughness
Laser-based process ® Metals ® High quality parts ® Balance between surface quality and speed Less than 10 um
® Hybrid ® Excellent for repair applications ® Limited raw materials
® Fast build process
SLA process ® Polymers ® Large parts ® Poor mechanical properties of samples 10 pm-100 pm
® Ceramics ® Excellent accuracy ® High cost
® Composites ® Excellent surface finish and details ® Slow building process
Material jetting process ® Polymers ® Various raw materials ® Support material is required Around 0.1 mm
® Ceramics ® Low waste ® More wastes
® Composites ® Low cost ® Post process needed
® Hybrid
® Metals
FDM process ® Polymers ® Widespread use ® Vertical anisotropy Around 0.1 mm

® Composites Low cost

Ability to build ready-to-use product

® Slow building process
® Rough surface

Simulation

*One multi-
material build file
*Graphical

Voids/defectd\ Y5

CAD Slicing &
(a) « Multiple Toolpath
solid models *Multiple build
*Multiple .stl 5| files
files | sInner
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Video microscopy

*Ex
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(b)

| Fabrication

Fig. 6. (a) Design cycle of AM multi-materials from CAD to fabrication with video microscopy and simulation feedback loop. (b) virtual AM simulation of bi-material

sample, and (c) fabricated bi-material sample [65].

contour-parallel toolpath optimization of Jin et al. [65].

As a result of advances in the science and technology of AM today it
is possible to simultaneously deposit different materials with spatially
designed distribution of microstructures (including phases, particles
and chemistries) and with properties that are optimized for specific
applications. However, an additional challenge that emerges during the
fabrication of microstructurally graded FGMs is the representation of
material information in relation to the geometry [66]. Different re-
presentation models have been proposed to resolve this problem
[24,67-73], but practical implementation of these into AM programs
has been challenging [74]. In related work, Zhou et al. [75] modelled
the toolpath of an FGM object by assigning material functions to re-
ference features in the B-rep geometry. The continuous material com-
position change was then discretized and sliced into 2D layers. This
work illustrates how FGM representation can be applied to toolpath
planning.

3.2. Applications of toolpath strategies

The toolpath strategies described in the previous section of this
review article are rarely cited or applied in actual experimental studies.
This is understandable, as the focus of most current studies remains on
characterizing and analyzing the morphologies that can be attained in
different AM FGMs. In related studies, Muller et al. [76,77] simulated
the performance of various toolpath strategies and compared the si-
mulation results with fabricated samples. The approach used in this
particular study is described as follows. First, a comprehensive model of
the entire manufacturing process was formulated. The FGM composi-
tions were described as a function in R® domain, which would be
printed as individual curves containing detailed information of the or-
ientation, height and width of each deposition. Then a numerical con-
trol program is used to operate the actual manufacturing process. The
complete modeling of the process enables reduction of error between
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Fig. 7. (a), (b) and (c) Comparison between desired, simulated and experimental compositions in different sections, and (d) illustration for spiral contour toolpath

[77].

designed composition and feed system delay [76]. A follow up study
utilized predictive process control to reduce the feed delay for more
accurate builds. Path strategies with large fluctuations of composition,
however, still show a high degree of inaccuracy even when using a
predictive control scheme. For example, two FG 316L/Stellite 6 speci-
mens with radial compositional gradients were laser melted using a
zigzag parallel strategy and a spiral contour strategy [77]. Simulations
and elemental analysis were generated to be compared with the desired
composition. By using the zigzag toolpath, the delay in changing
feedstocks in both the experimental and simulated samples creates an
almost uniform composition. Given more gradual changes in composi-
tions by using the spiral toolpath as shown in Fig. 7a through d, the
simulated and the actual compositions of the specimen much more
approach the desired one than those obtained by using zigzag strategy
with constant compositional changes [77].

Inspired by Muller's work [76,77], Xiao and Joshi invented an au-
tomatic toolpath generation scheme to be used in the fabrication of
FGMs using AM [74]. The proposed algorithm prioritizes the scanning
of neighbouring pixels with the same material composition as the

previous one. When no immediate neighbour carries the same material
information, the toolpath seeks the next starting point that requires the
least travel time. By selecting these appropriate hierarchical rules, the
optimal path could be generated for the path with the best accuracy vs.
run time. Although no experimental results were reported, the simu-
lations have taken the laser traveling speed, deposit width and layer
thickness of contemporary LENS and DED systems into consideration
[74].

In principle, the above described strategies, when properly im-
plemented, should be able to improve product quality as well as reduce
time and thereby costs of AM FGMs. At present, however, these stra-
tegies, unfortunately, do not seem to have direct application to the
fabrication of FGMs. In the case of those AM experiments that produced
parts with simplistic geometries and with linear compositional changes
along the building direction, the toolpath strategies for optimization of
multi-materials become in turn less useful. Factors that influence single
material AM processes, however, have been used more deliberately. For
laser-based processes such as SLM, the thermal history during manu-
facturing can result in thermal stress build-up [78] and balling
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Fig. 8. Schematic diagram showing: (a) parallel scanning strategy, (b) spiral
scanning, (c) paintbrush scanning, (d) chessboard scanning strategies [80].

phenomenon [79]. Jhabvala et al. [80] attempted to tackle these known
issues via the selection of a proper toolpath strategy. Accordingly,
parallel, spiral, paintbrush and chessboard patterns were studied. The
illustration and dimensions of these four path strategies are shown in
Fig. 8.

Generally, the parallel strategy causes cracking and balling in the
samples, resulting from overheating or formation of thermal stresses.
The scanning direction is perpendicular to the temperature gradient,
which results in heterogeneous shrinkage and the formation of residual
stresses. The spiral strategy can reduce the stress and heat build-up at
high laser power and scanning speed, although overheating still occurs
at the center of the samples. Portioning and scaling down of the
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scanning area has been proposed as a potential solution. Since the areas
are reduced for a single scanning pattern, the accumulation of thermal
defects is reduced, and it becomes easier to maintain temperature
homogeneity [80]. This reduction of area approach has not been ap-
plied to SLM fabrication of homogenous materials such as Ti/Ta alloys
[81]. It has however, been used for the fabrication of FGMs such as DED
of ferritic/austenitic steel [82]. The residual stress mapping constructed
using a contour method reveals a low and constant level of residual
stress in the sample that was prepared using a chessboard scan pattern
[82].

4. State of the art systems
4.1. Ti-based materials

Titanium alloys are widely used, in part due to their high strength to
weight ratio, low density, and excellent corrosion resistance. In parti-
cular, Ti6Al4V is popular in aerospace applications as a result of its high
strength at extreme temperatures [83-85]. Not surprisingly, several
studies have been published examining the feasibility of fabricating Ti-
based FGMs using AM methods. In the sections that follow we discuss
key findings from these studies.

4.1.1. Ti6Al4V/TiC

Despite their attractive elevated temperature strength, Ti6Al4V al-
loys do suffer from poor wear resistance and low hardness, which tend
to limit their applicability in the aerospace field. To address this
drawback, TiC additions have been proposed as a potential solution to
improve the mechanical, physical and tribological properties of
Ti6Al4V alloys partly because TiC has a similar coefficient of thermal
expansion, and a high hardness and moreover, is thermodynamically
stable in a Ti matrix [86-92]. In related work, Li et al. [93] fabricated a
FG Ti6Al4V/TiC composite (TiC volume fraction ranging from 0 vol%
to 50 vol%) using a laser melting deposition (LMD) technique. Fig. 9
shows that the phases of the FGM mainly consists of aTi, -Ti and TiC;
the blocky TiC is unmelted TiC particles in the sample. It is evident that
the eutectic TiC phase forms in the case of 5vol% TiC, whereas the
dendritic TiC phase appears when TiC volume fraction exceeds 10 vol%

50 vol.% TiC

.7 Blocky TiC

%
U Chain shaped eutectic TiC
. S ——Granular eutectic TiC
() ——Granular primary TiC

" Dendritic
% primary TiC

FE®-EI50

@ 2 cimyp

Dendritic primary TiC

o
0 YA
. { g 3 C)v“ :k) 5vol.% TiC

Granular
TiC

Fig. 9. Microstructure of the FGM Ti6Al4V/TiC for different locations: (a) top location, (b) higher magnification micrograph of (a), (c) middle location, (d) higher
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[93]. Moreover, the morphology of the TiC reinforcements gradually
changes from eutectic to dendritic. Since primary TiC (consists of
granular TiC and dendritic TiC) will precipitate first when the TiC vo-
lume fraction exceeds 10% as carbon concentration increases and ex-
ceeds the eutectic point. Dendritic TiC with larger size will lead to
premature damage of the material, limiting an improvement in its
mechanical performance.

Fig. 10a shows tensile strength values as a function of volume
fraction of TiC, and Vickers hardness as a function of the distance from
the substrate, as well as of volume fraction of TiC. It is apparent that
5vol% of TiC in the FG Ti6Al4V/TiC composite can improve both
tensile strength and hardness. However, the tensile strength dramati-
cally decreased when TiC exceeded 5vol%. This degradation in me-
chanical properties with increasing volume fraction of TiC was attrib-
uted to an increase in the number density of unmelted and dendritic TiC
particles in the sample. In contrast, as shown in Fig. 10b, the hardness
increased with increasing volume fraction of TiC, ranging from 380 HV
near the substrate to 737 HV in top layer, with 50 vol% TiC [93].

Other studies on FG Ti6Al4V/TiC composites reveal similar trends,
both in terms of the microstructures as well as mechanical behavior
[94-97]. These results are consistent with the fact when process para-
meters (e.g., laser power) are kept constant increasing the volume
fraction of TiC invariably leads to the formation of unmelted and
dendritic TiC phases, which effectively facilitate crack formation and
early fracture [98-101]. Other investigators studied the influence of
process parameters on the microstructure and performance of FG
Ti6Al4V/TiC composites. For example, Mahamood et al. [102] used a
modeling approach to simulate the influence of optimized process
parameters (such as laser power, scanning speed, etc.) on different
graded structures during fabrication. Two distinct materials (FG
Ti6A14V/TiC composites with TiC volume fraction ranging from 0 vol%
to 50 vol%) were fabricated in this study. The sample fabricated with
the optimized process parameters exhibits the higher hardness 1200 HV
and better wear-resistance compared to the one with the fixed process
parameters. Fewer unmelted TiC are formed in the sample fabricated
with the optimized process parameters. In addition, the hardness and
the wear resistance performance were also reported to increase with
increasing scanning speed. However, the surface roughness increases
when scanning speed exceed 0.085 m/s due to inadequate interaction
between the laser and unmelted powders [103,104]. Other research by
Mahamood et al. [105-107] confirmed the finding that optimized
process parameters for each layer of FGMs during fabrication will im-
prove mechanical behavior.

The size of the TiC particle will also play an important role in the
mechanical properties of the FG Ti6Al4V/TiC composites. In a related

study by Wang et al. [108], Ti6Al4V/TiC FGMs were prepared by using
TiC particles with different size. Four types of TiC powders were used in
the study: coated powders (TiC < 10 um), and uncoated small-sized
(TiC: 25-45 pum), medium-sized (TiC: 45-75um) and large-sized (TiC:
75-100 um). The Ti6Al4V and TiC powders were premixed due to their
irregular morphology of the TiC powders. As evident from Fig. 11a-d,
no unmelted TiC are found in the FGMs fabricated using coated pow-
ders. The results are consistent with Fig. 11q since the sample fabri-
cated with coated powders shows the best tensile results. It can be seen
from Fig. 11e-p, with increasing powder size, the quantity of unmelted
TiC powders increases constantly. Thus, cracks and rough interfaces are
introduced into the FGMs which degrade its mechanical performance.
In addition, the samples produced using coated powders exhibit far
higher tensile strength (e.g., 1231.3 MPa) and elongation (e.g., 2.12%)
as compared to those of the other three [108]. These results confirm
that the presence of large-sized unmelted TiC powders degrades tensile
strength [109,110].

In other related work, Liu et al. [111] studied how the extent of
melting of the reinforcing TiC particles influences both this micro-
structure and the mechanical behavior of FG Ti6Al4V/TiC composites.
In this study, the maximum degree of melting was defined as the
complete melting of all TiC particles, whereas the least degree of
melting was defined as the onset of TiC melting, as shown in the inset of
Fig. 12. The laser power was adjusted from 200W to 400W to promote
different degrees of TiC melting. By controlling laser power density, no
dendritic phase can be found in FG Ti6Al4V/TiC with 0 vol% to 15 vol%
of TiC. The formation of TiC dendritic phase cannot be avoided when
volume fraction of TiC exceeds 15 vol% in premixed powders even with
higher laser power density. From Fig. 12, when volume fraction of TiC
is 1 vol%, a high degree of TiC melting leads to increases in both yield
and ultimate strength values. No unmelted TiC particles or other det-
rimental phases can be detected under this condition. In the case of the
composition corresponding to 5 vol% TiC, the presence of unmelted TiC
particles leads to embrittlement of the deposited materials. In addition,
the mechanical behavior corresponding to 10L-15L confirms the em-
brittlement caused by TiC particles [111].

Noteworthy is a study by Wang et al. [112], where TiB was used as
reinforcement phase when manufacturing FG Ti6Al4V composites, in-
stead of TiC. The experimental results reveal an enhanced hardness
relative to that using TiC as reinforcement phase. Moreover, the wear
resistance has been improved significantly due to complete dissolution
of B in the matrix.

4.1.2. Ti6Al4V/stainless steel
In the nuclear and aerospace industries there is a critical need for
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fabricating high-integrity joints between Ti-alloys and stainless steels
[113]. These two materials are preferred because of their high strength-
to-weight ratio, light weight and superior heat resistance [114]. How-
ever, the direct joining of these two types of materials poses stringent
challenges. For example, traditional welding methods, such as diffusion
bonding and roll bonding, can lead to the formation of brittle inter-
metallic compounds such as FeTi and Fe,Ti. These intermetallic com-
pounds will lead to the formation of unexpected residual stresses, ef-
fectively embrittling the joints and causing premature fracture
[115-117]. In addition, the differences in the coefficient of thermal
expansion between these two classes of materials can also lead to pre-
mature yielding and in extreme cases, interfacial delamination [118].
Not surprisingly, FGMs have been proposed as a potential solution to
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create a transitional interface that can avoid localized effects from the
property differential between two materials. As such, Cu, Ni, Al and
their alloys have been widely proposed as potential interlayer materials
[119-123]. The mechanism of interlayer materials selection depends on
the propensity for intermetallic phase formation between the selected
interlayer material and the Ti and stainless steel alloys [124]. For ex-
ample, in a study by Tomashchuk et al. [119], V was proposed as an
interlayer material in an effort to avoid the formation of brittle inter-
metallic phases. However, the sample of 316L SS/Ti6A14V with V as the
interlayer cracked during tensile testing. Embrittlement was attributed
to the presence of (Cr, V) solid solution and FeTi in the welded zone
between Ti6Al4V and V. Although the solid solution is generally duc-
tile, the ensuing embrittlement behavior can be explained by the fact
that the ductile-to-brittle temperature of vanadium alloys exceeds am-
bient temperature.

In another study, Bobbio et al. [125] synthesized a FGM consisting
of Ti6Al4V and stainless steel (SS) 304L with an intermediate layer of V.
The fabrication process was performed in an argon atmosphere with a
laser power operated at 600 W and a scanning speed of 12.7 mm/s by
LENS. The powders used in this experiment consisted of pre-alloyed
Ti6Al4V powders with diameters ranging from 44 to 177 um, pre-al-
loyed SS 304L powders with sizes ranging from 45 um to 105 pm, and V
powders with sizes ranging from 45 um to 250 um. During fabrication,
the first 28 layers of 100 vol% Ti6Al4V were first deposited on Ti6Al4V
substrate successively followed by 27 layers of 75vol% Ti6Al4V plus
25vol% V, 26 layers of 50 vol% Ti6Al4V plus 50 vol% V, 27 layers of
25vol% Ti6Al4V plus 75vol% V, 27 layers of 25vol% SS 304L plus
75vol% V, and 7 layers of 50 vol% SS 304L plus 50 vol% V. The de-
position sequence is schematically shown in Fig. 13a. In Fig. 13b, the
first crack occurred at layer number 109 where the composition is
25vo0l% SS304L plus 75vol% V [125]. It was argued that this crack
originated at Ti/Fe intermetallic phases because of the direct contact
between Ti6Al4V and SS 304L in this transition region. A second crack
formed in layer number 136 where the composition is 25 vol% SS 304L
plus 75 vol% V transitioning to 50 vol% SS 304L plus 50 vol% V. A large
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Fig. 13. (a) The schematic diagram showing the LENS process of the FGM consisting Ti6Al4V and SS 304L with an intermediate layer; (b) macrograph of the cross-
section of the AM sample; (c) and (d) EBSD phase mapping in regions consisting of 50 vol% SS 304L plus 50 vol% V, and 25vol% SS 304L plus 75vol% V,
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crack was generated in layer number 142 after only 7 layers of de-
position of 50 vol% SS 304L plus 50 vol% V, due to the formation of the
o-FeV phase. This suggestion was validated using EBSD results, as
shown in Fig. 13c, where two types of phases, namely: o-FeV and a
body-centered cubic (BCC) (Fe, V) solid solution, are evident [125].
Following the presence formation of the large crack, the experiment
was discontinued. The sample was polished in order to conduct hard-
ness measurements, which are shown in Fig. 13e. The measurements
started from the top of the sample with the composition 50 vol% SS
304L plus 50 vol% V to the position corresponding to the composition
of 25vol% Ti6Al4V plus 75vol% V. A high hardness value of
713 £ 220 HV was measured in the region with 50 vol% SS 304L plus
50 vol% V and far from the large crack, due to the formation of the o-
FeV phase. However, the region with 50 vol% SS 304L plus 50 vol% V
and near the large crack exhibited an average hardness of 670 + 240.
Moreover, in this study, the method of the calculation of phase dia-
grams, namely CALPHAD [126-128], was implemented to design the
appropriate compositions of the above graded system assuming iso-
thermal conditions in order to avoid the formation of detrimental
phases. The AM process is inherently non-equilibrium, given the re-
peated thermal cycling and rapid solidification experienced by each
layer; however, in order to render the problem tractable, the authors
assumed equilibrium conditions to provide insight into phase forma-
tion. The temperature was set to 1123K to match the experimental
conditions because the o-FeV phase forms when temperature falls in the
range of 923-1492K. To predict the equilibrium phase compositions in
the Fe-Ti-V and Fe-Cr-V systems as shown in Fig. 13f, thermodynamic
calculations were performed to achieve a graded structure from
Ti6Al4V to SS 304L [129]. As o-FeV phase need to be avoided, the
calculations of Fe-Cr-V systems in Fig. 13f provide an alternative to
changing the composition of 25 vol% SS 304L plus 75vol% V compo-
sition (point B) to 100 vol% SS 304L (point D) directly. However, the o-
FeV phase may still form when layer remelting during fabrication. In
essence, these results illustrate how the CALPHAD technique can pro-
vide a new pathway to the design FGMs in AM processes.
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In other related work, Reichardt et al. [130] also used AM to
manufacture a FGM consisting of Ti6Al4V and SS 304L with V as a
transition material. Interestingly, cracking occurred at a location cor-
responding to the same composition as that in the aforementioned
study by Bobbio et al. [125]. However, in this study, the authors de-
posited a sample B that included a reverse transition which started from
100 vol% SS 304L, followed by additions of V in each layer with a 3%
increment. Deposition was discontinued at composition corresponding
to 64 vol% SS 304L plus 36 vol% V due to crack formation. Moreover,
the results of this study demonstrated that interlayer bonding was
compromised by the formation of the Fe-V-Cr o phase. Overall, the
results from these studies suggest that V is not suitable as an inter-
mediate material for FGMs consisting of Ti6Al4V and SS 304L [130].
Interestingly, a successful FGM consisting of Ti6Al4V and 304L SS was
achieved when a transitional composition (Ti6Al4V—V—Cr—Fe—
SS316) was introduced. In this case, intermetallic phases did not form
and the highest hardness value was only 425HV, confirming the ab-
sence of intermetallic [131].

4.1.3. Ti6Al4V/invar

Bobbio et al. [132] used DED to fabricate FGMs consisting of
Ti6Al4V and Invar alloy. In this study, the first 21 deposited layers were
pre-alloyed Ti6Al4V powders followed by a transition region with 32
layers. In the transition region, the volume fraction of Ti6Al4V de-
creased by 3vol% in each layer with an Invar increment of 3vol%.
Although cracks were observed in the transition region, the fabrication
process was successfully carried through to completion with the last 22
layers consisting of 100 vol% Invar. In the transition region, FeTi and
Fe,Ti phases were observed. The residual stresses originating from
mismatches in the coefficient of thermal expansion between these two
phases were proposed as the reason for the formation of cracks. The
sample and its corresponding optical macrograph are shown in Fig. 14a
and b. In this work the laser power was operated at 900W with a
scanning speed of 12.7 mm/s [132].

Both experimental and computational approaches were used to
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identify the phases in this study. Two different databases are im-
plemented to compute phase equilibria at 1100K, leading to two dif-
ferent phases predicted, as shown in Fig. 14c and d. The computational
method used in this study is also CALPHAD, similar to that used in the
study of Ti6Al4V to SS 304L with V as transition materials [125]. The
results of the computations are presented in Fig. 14i, and show, for
example, that the FeTi phase is formed where NiTi, disappears at
composition of 37 vol% Invar. This result is consistent with the ex-
perimental findings shown in Fig. 14f; with some differences noted. For
a composition of 73vol% Invar, the presence of a hexagonal close
packed (HCP) phase is shown in Fig. 14h which is not consistent with
the simulation results. Moreover, a large crack occurred at a composi-
tion of 64vol% Ti6Al4V plus 36 vol% Invar where FeTi and Fe,Ti
formed. The coefficient of thermal expansion of these two phases are
significantly different which lead to interlayer fracture [134]. More-
over, a high hardness of 858 + 18HV was measured for a composition
of 36 vol% Invar which likely originates from the presence of the FeTi
and Fe,Ti phases.

4.1.4. Ti6Al4V/Mo

Maunoury et al. [135] used DED to study FG Ti6Al4V/Mo compo-
sites. The compositions used in this study are Mo with 25 vol% change
in each graded region from 100 vol% Ti6Al4V at the bottom to pure Mo
on the top, as shown in Fig. 15a. FG Ti6Al4V/Mo composites were
prepared using laser power values of: 1600W, 1800W and 2000W de-
pending on the volume fraction of Mo in the graded region. No cracks
or other obvious defects can be observed in the samples.
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Fig. 15b shows an EBSD micrograph before and after  -phase re-
construction. Fig. 15¢ through e show B-phase EBSD micrographs from
the bottom to top of the FGM sample. In Fig. 15c through e, the broken
lines delineate the interfaces between different graded regions, sug-
gesting a metallurgical bonding between these graded regions, which
can be attributed to spanning of f3-grains across the interfaces. Hardness
measurements were performed from the bottom to top of the FGM
sample along three lines apart from 0.75mm from each other. The
hardness increases from 250HV to 450HV with more Mo introduced
from the bottom to top, but drops to the lowest value of 190HV in the
region of pure Mo [135], as shown in Fig. 15f.

4.1.5. Ti6Al4V/Al,03

FGMs Ti-Al are of interest when performance requirements include
high strength and low density [136,137]. In related work, Zhang et al.
[138] prepared a FG Ti6Al4V/Al,O3 composite via LENS. The starting
powders were sieved in the range of 44-74 um and laser power density
was precisely controlled from 385W to 420W to achieve good building
performance. As a result of the high laser absorption ability of Al,Os,
the gradient region containing Al,O3; must be fabricated using a laser
power higher than 400W. Fig. 16a presents the photograph of the FG
Ti6A14V/Al,03 composite manufactured, together with the composi-
tion and height of each region. Fig. 16b shows microstructure in the
region containing Ti6Al4V substrate and LENS fabricated Ti6Al4V, and
a smooth transition between the two materials is evident. Fig. 16c de-
monstrates microstructure in the region including LENS fabricated
Ti6Al4V and Ti6Al4V plus Al,Os, and a sharp interface exists between
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[138].

Ti6Al4V and Ti6Al4V plus Al,Os. To better highlight this region, a
higher magnification micrograph of Fig. 16c¢ is also provided, as shown
in Fig. 16d. Fig. 16e shows the microstructure in the region comprising
Ti6Al4V plus Al,05 and only unmelted Al,O3 particles are present in
the region as a result of an increase in scanning speed. Again, a higher
magnification micrograph of Fig. 16e is shown in Fig. 16f. On the one
hand, a higher scanning speed leads to inadequate melting and hence
the formation of unmelted Al,O3 particles. On the other hand, a higher
scanning speed reduces the residual thermal energy and eliminates
defects, e.g., porosity, cracks, poor bonding between powders, during
fabrication. In other words, scanning speed and laser power density
clearly present a trade-off in this study. Inspection of Fig. 16g reveals
the absence of delamination between the region of Ti6Al4V plus Al,O3
and the region of Al,O5 although there are micro-cracks and porosity at
the in the interface between the two regions, likely attributable to the
internal stress generated during laser heating [139]. Fig. 16h shows the
microstructure in the region that contain only Al,O3. Based on XRD
results in Fig. 16i, a-Ti and B-Ti phases are identified in the region
containing only Ti6Al4V; corundum and Ti phases are detected in the
region consisting of Ti6Al4V + Al,O3; and the corundum phase is
present in the pure Al,O3 region as well. The hardness results as shown
in Fig. 16j are consistent with the XRD analysis, with the highest
hardness value of 2365.5 = 64.7 HV corresponding to the region
comprising of only Al,O5 and a hardness value of 1000HYV in the region
consisting of Ti6Al4V + Al,Os.

A similar study was performed by Yin et al. [140] using a combined
approach to fabricate FG Ti6Al4V/Al,O3. In this study, a substrate of
Ti6Al4V was fabricated using a laser melting technique, and the graded
regions were fabricated using a cold spray technique. Unfortunately,
the presence of multiple cracks and pores effectively degraded the
mechanical behavior of the deposited material.

For purpose of comparison, the reported mechanical properties of
Ti-based FGMs processed by AM are summarized in Table 3.

4.2. Fe-based alloys

Iron and its alloys, namely steel, are widely used as a structural
material in a broad range of engineering applications because of their
low cost, high strength and longevity as a structural material. By al-
tering carbon and other elemental contents within steels, their precise
mechanical performance can be engineered for specific applications,
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such as corrosion resistance, for example [141]. Steels are also fre-
quently used as the structural backbone for other more expensive ma-
terials, but the dissimilar microstructures and physical properties often
make these joins difficult. The integration of FGMs processed by AM has
been demonstrated as a promising method of fabricating these types of
materials [142,143].

4.2.1. SS 316L

Various investigators have studied the influence of AM parameters
on the evolution of localized heterogeneities in an effort to optimize
functional designs for specific applications. As such, studies have been
conducted in an effort to additively manufacture different grain
morphologies for systems such as AlSi10Mg [144], IN718 [145] and Ta
[146]. In the case of SS 316L, for example, Amine et al. [147] sys-
tematically investigated multilayered SS 316L, and found that an in-
creased cooling rate during solidification can produce fine grains with a
corresponding high hardness. Moreover, the hardness also increased
with increasing scanning speed and lower laser power.

Niendorf et al. [148,149] used SLM to manufacture FG SS 316L
containing regions with different local functionalities, as schematically
shown in Fig. 17a (see grey regions), which were fabricated using laser
powers ranging from 400 to 1000 W. The two grey regions (one marked
by a red circle) exhibit higher strain magnitudes relative to other re-
gions when the FG SS 316L was subjected to an applied stress, as shown
in Fig. 17a. In addition, after heat treatment at 650 °C for 2 hours, the
average microhardness was measured to be 150 and 220HV in grey
regions and in other regions, respectively, as presented in Fig. 17b.
Moreover, the tensile properties in the grey and other regions are re-
ported in Fig. 17c. The other regions exhibit a yield strength higher
than that in the grey regions, which even approaches the ultimate
tensile strength in grey regions. EBSD analysis indicates that the regions
are characterized by columnar coarse grains and equiaxed fine grains,
respectively, as illustrated by the EBSD inverse pole figure in Fig. 17d.
The inverse pole figures in Fig. 17e and f shows strong < 001 > fiber
intensities in the columnar coarse grained regions but weak intensities
along < 001 >, <101 > and < 111 > in the equiaxed fine grained
regions, respectively.

4.2.2. SS 316L/Stellite 12
Stellite alloys and their composites are of interest for wear and
corrosion resistant applications [150,151]. Laser cladding and cold



C. Zhang, et al.

Table 3
Reported mechanical properties of Ti-based FGMs processed by AM.
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Material AM Technology Elastic Modulus Yield Strength Ultimate Tensile Strength Elongation (%) Hardness (HV)
(GPa) (MPa) (MPa)

Ti6Al4V/TiC [89] LMD n/a n/a 750-1200 0-5.5 380-737
From 0% to 50%TiC

TA15/TiC [93] LMD n/a 806-925 886-1085 1.23-4.32 n/a
From 0% to 50%TiC

Ti6Al4V/TiC [101] DED 108-164 n/a 551-991 n/a 300-600
From 0% to 30%TiC

Ti6A14V/SS304 L/V [125] DED n/a n/a n/a n/a 220-850

From pure Ti6Al4V t050%V/50%SS304L DED n/a n/a n/a n/a 190-900

Ti6Al4V/Invar [132] DED n/a n/a n/a n/a 350-858
From pure Ti6Al4V to pure Invar with 3%
increment.

Ti6Al4V/Mo [135] DED n/a n/a n/a n/a 250-450
From pure Ti6Al4V to pure Mo with 25%
increment.

Ti6Al4V/Al,05 [138] LENS n/a n/a n/a n/a 350-2365

(LMD: Laser Melting Deposition, DED: Directed Energy Deposition, LENS: Laser Engineered Net shape).

spraying techniques have been used to coat Stellite onto steels for en-
hanced performance [152,153]. Alternatively, Yakovlev et al. [154]
experimented with various FG SS 316L/Stellite 12 composites produced
by a coaxial powder injection approach. Although the two alloys share
similar bulk properties, the larger Stellite particle size require a higher
laser power (120W) relative to that used for steel (90W). By changing
the laser power according to the designed composition (premixed SS
316L and Stellite 12 powder), a smooth transition from steel to Stellite
with a gradient zone as small as 1 um can be produced as shown in
Fig. 18a. Stellite has dendritic microstructure that consisting of a
Co-Cr-W solid solution, mono-carbides (M23C¢ and M,C3) and inter-
metallic compounds such as CosW. As evident from Fig. 18b, these soft
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matrices are gradually replaced by the addition of SS 316L, which leads
to changes in mechanical properties. In Fig. 18c, the microhardness for
such sample increased gradually from around 200HV to above 600HV.
In Fig. 18d, the SEM image of FG SS 316L/Stellite with direct joining
between SS 316L and Stellite is observed to have a sharp gradient. The
sample possesses a smooth oscillating microhardness value around
300HV and 400HV due to the relatively small transition zone of 70 um
(shown in Fig. f) [154].

4.2.3. SS 316L/Cu
In an effort to fabricate FGMs with compositional variations along
the vertical direction, Liu et al. [155] installed a center separator on a
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Fig. 17. (a) FG SS 316L containing the regions with different local functionalities, together with the strains in different regions, (b) microhardness distribution in the
FG SS 316L, (c) tensile engineering stress vs. strain curves in the regions fabricated using laser power 400 and 1000 W, respectively, (d) EBSD inverse pole figure
showing equiaxed fine grains (other regions) and columnar coarse grains (grey regions) fabricated using laser power 400 and 1000 W, respectively, e) strong <
001 > fiber intensities in columnar coarse grained regions, and f) weak intensities along < 001 >, < 101 > and < 111 > in equiaxed fine grained regions

[148,149].
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Fig. 18. (a) SEM image of FG SS 316L/Stellite 12 composite with (b) elemental analysis and (c) microhardness transition. (d) SEM image of FG SS 316L/Stellite
composite with alternating layer with (e) elemental analysis and (f) oscillation of microhardness values [154].

laser system so that each nozzle dispensed only the corresponding
powder. Using this modified system, they successfully fabricated bi-
metallic steel/Cu laminar. Although the SS 316L section exhibited only
a few pores, the Cu section revealed a high-volume fraction of pores,
likely attributable to incomplete melting because of Cu's high re-
flectivity and thermal conductivity. As a result, the tensile test fractures
are initiated mostly on the copper side (Fig. 19a), which suggests that
bond strength of the steel/Cu region is higher that corresponding to the
Cu region (e.g., 49 + 10.3MPa). Because of the fast cooling rate asso-
ciated with SLM, fine grain sizes around 1-10 um were reported. The
ultimate tensile strength for the FG specimen falls in between that of the
two individual components, where ultimate tensile strength of SS 316L
ranges from 310+18Mpa to 726+ 2.6Mpa and 49+ 10.3Mpa of Cu, re-
spectively. The hardness values display a smooth variation from 259HV
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to 74HV relative to the stainless steel and copper regions (Fig. 19b).

4.2.4. SS 316L/P21Ferritic steel

Woo et al. [82] used DED to manufacture a FG SS 316L/P21 ferritic
steel composite with different compositions using different build path
strategies. The DED process was performed using a laser power ranging
from 200 to 1000 W. An automatic feedback control system that adjusts
the laser power (INSSTECK MX-400) was used to maintain the layer
thickness (250 um) and hatch width (400 um) during the deposition
process. Five building strategies were tested, which are described as
follows: horizontal with uniaxial scan that produces 100 vol% SS 316L
to 100 vol% P21 bimetallic composition in case 1; uniaxial scan that
changes SS 316L composition from 100 vol% to 50 vol% to 0vol% in
case 2; uniaxial scan with SS 316L composition varying from 100 vol%
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Fig. 19. (a) fracture surface of 316L SS/Cu samples (b) hardness value transition from steel to Cu [155].

to 0vol% with 25 vol% decrement in case 3; orthogonal scan in case 4
using the same composition as that used in case 3; and an island scan
strategy in case 5 using the same composition as that used in case 3.
From case 1, as illustrated in Fig. 20a, both SS 316L and P21 show an
equiaxed grain structure created by the epitaxial grain growth along the
build direction. In Fig. 20b corresponding to case 2, the SS 316L section
grows into much larger grains, while for case 3 (Fig. 20c), the P21 re-
gions have also experienced grain growth (e.g., coarser grains). In
Fig. 20d-e, cases 4 and 5 exhibit finer grains and smoother transitions.
Preferentially inclined grain structures in the P21 sample form from
uniaxial scans, while it is less so for the orthogonal scan and the island
scan exhibits smaller grains. These localized microstructural changes
effectively reduced the residual stress from the 680 MPa of orthogonal
scan to the 430 MPa of island scan. The hardness increases from 200HV
to 440HV as the grain size decreases from the 316L regions to the P21
[82]. An investigation of the same system was reported by Kim et al.
[156], for which the FG 316L/P21 composite shows much reduced
elongation from 33.9% for 316L to 10.3% to P21 but with much higher
yield strength ranging from 530 MPa to 970 MPa and ultimate tensile
strength ranging from 660 MPa to 1360 MPa. In their investigation of
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the microstructure, the cause for mechanical performance improvement
was argued to be related to the austenite phase distributed in a’ mar-
tensite.

4.2.5. SS 316L/NiCr

Zhang et al. [157] used a YLS-6000 laser melting system to manu-
facture an FG 316L SS with Cr/Ni alloy. Five wt.% ratios of Cr/Ni alloy
corresponding to 1.4, 1.7, 2.3, 3.7 and 9.7 were printed on a 316L SS
substrate. No obvious defects were found on the SS 316L substrate, and
columnar dendrites grew epitaxial throughout different layers of Cr/Ni.
The phase transition occurs in such order that y-Fe to y-Fe + a-Fe, then
from y-Fe + a-Fe + (Cr, Fe),Cs3 to a-Fe + (Cr, Fe),Cs as the Cr/Ni ratio
increases. The authors reported a smooth microstructure as well as a
smooth transition of microhardness which they argued were indicative
of strong bonding in the sample. The maximum hardness attained was
6.90 GPa corresponding to a Cr/Ni ratio of 9.7.

4.2.6. SS 316L/IN718
Hinojos et al. [158] studied the joining of IN718 and SS 316L using
an Energy Beam Melting (EBM) S12 system. In this study, both
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Fig. 20. Cross-sections, morphologies and hardness of five FG SS 316L/P21 [82].

materials were used as substrate materials to avoid using other filler
materials. The filler materials used in-between the two main alloys
change the overall chemical composition of the FGMs to act as a buffer
to their dissimilarity in physical properties and a filler for defects within
the interface region. To avoid compromising the integrity of the initial
chemical composition, the use of filler materials needs to be avoided.
Directly depositing one main material onto the other leads to the for-
mation of a small heat affected zone depth (443+56 um) which mini-
mizes the change in hardness of IN718 and 316L SS near their interface,
which are approximately 296 and 148 HV, respectively. In related
work, Shah et al. [159] studied the behavior of FG SS 316L/IN718
composites containing 25 vol%, 50 vol% and 75 vol% compositions of
IN718 as an intermediate layer in the transition area. Their results show
that columnar dendrites appear throughout different compositions, as
can be seen in high magnification images (Fig. 21a). Around the in-
terfaces of the two graded layers, the dendrites change into a cellular
morphology, which is particularly evident in the case of 75vol% SS
316L shown in Fig. 21a. The predominantly columnar microstructure
provides good bonding between layers, and the change of dendrites
from columnar to cellular does not appear to be detrimental to the
integrity of the entire sample, as no drastic fluctuations in hardness
values as a function of position are evident. Interestingly, in Fig. 21c—d,
the hardness value plots reveal a parabolic shape instead of a constant
decline. The increase of hardness has to do with the NbC formation
when content of IN718 reaches 50 vol%, which was observed through
XRD in Fig. 21b. In this case, the secondary phase, NbC, enhances the
strength of the sample without embrittling it to the point of fracture.
The effects of the laser power and powder flow rate on the hardness
were also studied as shown in Fig. 21¢c and d. The results show that the
hardness decreases with increasing laser power and powder flow rate,
which is consistent with results from another study on IN718 [160]. To
increase the heat input by increasing the laser power and powder flow
rate will accelerate grain growth in the sample, as a result reducing the
mechanical strength.

4.2.7. SS 410/NiCr/Ti6Al4V
Sahassrabudhe et al. [117] studied a FG SS 410/Ti6Al4V composite
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with and without an NiCr layer by using LENS. The fabrication of the
FG SS 410/Ti6Al4V composite was unsuccessful due to the formation of
brittle intermetallic phases (e.g., FeTi) and related residual stresses that
ultimately caused delamination. As a result, their results show that
hardness rapidly increases from approximately 115 HV in SS410 to 275
HV in Ti6Al4V. To minimize thermal and residual stresses for these
bimetallic structures, an NiCr layer was deposited between the SS 410
and Ti6Al4V. With this configuration, the sample shows a smooth
transition from SS 410 to the NiCr layer. Moreover, a graded transition
layer was observed in the region from NiCr to Ti6Al4V with the new-
found presence of “globules” throughout the Ti6Al4V layer. These
“globules” are around tens of microns in diameter, but the chemistry
and the microstructural significance of which had not been investigated
further. The authors also documented the presence of Cr,Ti and NiTi
intermetallics, although these phases did note appeared to play a role in
early crack formation. The hardness of the NiCr and NiCr/Ti6Al4V re-
gions are approximately 130 HV and 120 HV, respectively.

4.2.8. SS 316L/FesAl

The superior crack resistance, under stress corrosion conditions, of
FesAl [161,162], has led to interest in FG SS 316/FesAl composites
because the susceptibility of 316L SS to fracture under pressure and
heat can be prevented by a FesAl layer [163]. Durejko et al. [164]
fabricated thin wall tubes of Fe3Al/SS 316L using LENS. By first mod-
ifying the PartPrep programme for FGMs with radially varying com-
position, tubular samples of a few millimeters wall thickness were
generated and built. Despite the presence of some surface cracks, no
cracks are found to propagate in the body of the samples. Elongated
grains are observed across interfaces of each graded layers, as a result
from the smooth transition between SS 316L and FesAl. The values of
microhardness are approximately 500HV at SS 316L and 400HV at
FegAl.

4.2.9. SS 304L/IN625

Carrol et al. [40] fabricated a FG SS 304L/IN625 with 24 layers of
graded transition zones using DED. The microstructure of the product
changes from the typical austenitic to cellular dendrites when the



C. Zhang, et al.

(a)

75% SS 316L
25% Inco 718

(o
() ]
15931 450W
- 170
S
>
£ o] \
_g N
£ 1504 N\
$ NN
S 140 N L~
g N
130 4 h=N =i
= 4~ Low Powder flow rate (0.632 g/s)
120 4 ——High Powder flow rate (0.834 g/s)
T T T T T T T T
0 2 4 6 8 10 12 14 16

Layer Number starting from substrate

Materials Science & Engineering A 764 (2019) 138209

(b)

ustenitic Cr-Ni-Fe-C

Intensity

750W

I M5 ~
3 '
» !
i 1404 Py T ,l
T \ — I~
3 . o s ;/ N7
g s N\ 1\ Wi
E \ B N/ o
v Z\ e il &
- T I~g T
130 4 I N .
%, 7T ¢ -0~ Low Powder flow rate (0.632 g/s)
. — =~ High Powder flow rate (0.834 g/s)
125 T T T T T T T T
0 2 4 6 8 10 12 14 16

Layer Number starting from substrate

Fig. 21. (a) Overall structure and SEM of microstructures of different graded SS 316L/IN718 layers showing presence of columnar and cellular dendrites, (b) XRD
patterns showing NbC phase formation at 50 vol% IN718, (c—d) parabolic hardness values for 450W and 750W laser power at different powder flow rate [159].

composition changes from 15vol% to 50vol% of IN625. Then, the
columnar dendrites are formed at the region with 50vol% IN625.
Cracks are observed at the region with 79vol% SS 304L. To provide
insight into the mechanism responsible for crack nucleation, they stu-
died the distribution of elements using EDS, as shown in Fig. 22 a-h.
The results show that high concentrations of Mo, Nb and C are present
near the crack, and little of the said elements is observed farther away
from the crack. This result suggests the formation of compounds among
Mo, Nb and C that lead to the formation of the final macroscopic crack.
In addition, the thermodynamic simulations predict that the stable Mo
and Nb monocarbides will form under the processing conditions used,
as shown as the phase diagrams in Fig. 22 i-j. The hardness values of the
sample were reported to be 196HV for IN625 to 250HV for SS 304L.

4.2.10. Fe/Cr/Ni

Fe—Cr-Ni based alloys can be engineered to yield different phase
compositions, and as such have attracted attention as candidate FG
materials. In related work, Li et al. [165] produced FG Fe/Cr/Ni with
four different compositions based on the Fe-Cr-Ni ternary phase dia-
gram in Fig. 23a and calculated the associated mixing enthalpy for:
Fe-9Cr-28Ni, Fe-12Cr-23Ni, Fe-14Cr-16Ni and Fe-16Cr-8Ni, as
shown in Fig. 23b. The four compositions enable phase transformations
between austenite and ferrite, moreover, with increasing Ni content,
the mixing enthalpy becomes more negative, which favors a phase
transformation from ferrite to austenite. A more tightly spaced ferritic
and austenitic lath morphology were found in Ni-scarce regions, while a
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segregated austenite solidification structure was observed in N-rich
regions as shown in Fig. 23c—d. These two types of microstructures
result in different mechanical properties. The decrease in hardness in-
dicates the transition from the harder ferritic phase to the softer aus-
tenite phase. In Fig. 23e, the inclusion of the soft and ductile austenite
phase into the more compact microstructure reduces the strength as the
values of hardness decreases gradually from 250HV at Cr-rich region to
110HV at Ni-rich region.

4.2.11. Other steel FGMs

In addition to the systems discussed, SS 316L, AlBrnz, Colmonoy 6,
Stellite 6, 420 SS and H13 tool steel have all been manufactured
through directed metal deposition (DMD) in individual components,
FGMs, and wafer composites on POM 505 systems [166]. During the
manufacturing process, both the substrate and the deposited powder
were melted and solidified rapidly to minimize the size of the heat af-
fected zone. The coefficient of thermal expansion for FGMs tend to be
lower than that for the individual alloys. In addition, a dilution effect
has been found between AlBrnz and 420 SS due to the subsequent de-
position onto the prior high temperature deposited material. AlBrnz
was also found in the form of dendrite precipitates in the SS 420 phase
[166]. For FG SS 316L/H13 tool steel composite (shown in Fig. 24a)
and FG SS 316L/Colmonoy composite (shown in Fig. 24b), the strength
and plasticity of the composites represent the average values of the
individual components. It can be seen from Fig. 24c that the FG SS
316L/SS 420 composite exhibits higher yield strength and ultimate
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Fig. 22. (a) BSE imaging on the crack at 79 vol% SS 304L, (b) comparison of designed element composition and measured composition, (c-h) EDS images for
different elements, (i—j) phase diagram showing stable monocarbide phases at working temperature [40].

tensile strength than that corresponding to the two individual alloys.
Although the FG SS 420/AlBrnz composite has lower elongation and
ultimate tensile strength compared to the two individual alloys, it dis-
plays a significantly higher yield strength in Fig. 24d [167].

The tested hardness values for Fe-based cases are summarized in
Table 4.

4.3. Functionally graded porous scaffolds

Metal alloys with porosity gradients are actively being considered
for applications such as orthopedic implants. However, these alloys
possess a much higher elastic modulus (110-210 GPa) than human
bones (3-20 GPa), which can result in material failure due to a stress
shielding effect [168]. Many studies have focused on reducing the
stiffness of titanium alloys to reduce stress shielding effect, and dif-
ferent models were proposed by researchers to predict the mechanical
performance of porous alloys with lattice structural designs [169]. By
integrating FGMs concept into the designs of a lattice scaffold, the
heterogeneous structures enable the implant component to perform
better in human bodies. As the human bone consists of a marrow core, a
cortical outer layer, and porous areas in between, FGMs with graded
porosity could mimic such hierarchical structure to improve the os-
seointegration (fixation of synthetic material on bones) of the implant
[170]. Conventional manufacturing techniques could also be used to
produce porous FGMs; one such study involved sequential compaction,
space-holder removal and sintering [171]. However, AM in structural
designs give rise to significant opportunities for control and optimiza-
tion given the wide range of complex geometries that AM technologies
can easily produce [48].

4.3.1. Titanium scaffolds
Fousova et al. [43] manufactured graded, porous Ti-6A1-4V alloy
and thoroughly studied the microstructure, mechanical properties and
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the in vitro response (experiment of a body's response to external im-
plant under laboratory conditions). In this study, the samples were
produced using SLM with a 200W fiber YB-YAG laser. The printed
samples underwent 820 °C heat treatment in an argon environment for
1.5h and furnace-cooled to 500 °C. This process produces Ti6Al4V with
fine grains and a laminar microstructure, but internal porosity and
unmelted particles at the surface were noted. The fine microstructure
contributed to high tensile and compressive strength; however, the
manufacturing defects such as internal pores and unmelted particles
reduced the strength, and rendered the sample more susceptible to
crack formation. Onal et al. [172] produced three uniform (0.4, 0.6,
0.8 mm strut diameter) and two graded (dense-in, dense-out) Ti6Al4V
scaffolds with BCC structure via SLM. The compressive strength values
of these scaffolds were directly linked to the overall density as shown in
Fig. 25, which places the FGMs in the middle of the pack. In the pre-
osteoblast cells seeding experiment, both 0.4 mm uniform and dense-in
FGMs samples possess enough space within the scaffolds for successful
cell proliferation. Yet, the denser core of the dense-in FG sample has
twice the compressive stress tolerance in comparison with the uniform
sample. Apart from preferable strength, graded samples demonstrate a
less abrupt deformation process unlike uniform samples [42]. The de-
formation process begins from the thinnest strut layers to the thickest in
a layer by layer fashion, as it is also the case for other shaped lattices
like cubic and honeycomb [172].

While porosity has been a major factor influencing osseointegration
of bone implants, the work of Li et al. [173] reported that even for the
same amount of porosity, different implant designs could experience
different bone ingrowth progress. The surface area of struts connecting
individual pores was pointed out to be another parameter to design for.
The minimal surface structures, which possess comparatively greater
surface area for any given porosity, provide exceptional mechanical
efficiency and sufficient open space for bone ingrowth. For example,
Hsieh et al. [174] showed that spinodal shell structures with minimal
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region, and (e) hardness change from substrate up [165].

surface characteristics have supreme strength (approaching the theo-
retical isotropic bound) at high porosity (90%-99%). Other examples
are the triply periodic minimal surface (TPMS) structures such as gyroid
and diamond structures. Liu et al. [175] used a SLM with 200W CW
ytterbium fiber laser to produce graded cellular structures with gyroid
and diamond cells. Heat treatment and ultrasonic cleaning were per-
formed before testing and the results showed that the diamond struc-
ture exhibits a more uniform stress distribution, while the gyroid
structure gives better ductility and ultimate strength [176].

For these complex lattice and cellular structures, finite element
analysis (FEA) provides important design information by calculating
the deformation behavior of the structures for a given loading condition
under different environments. In related work, Xiao et al. [176] used
FEA to predict the dynamic and static loadings of FG Ti6Al4V lattice
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structures. The calculation accurately predicted the initial collapse
behavior and indicated that design gradients and loading direction
were not consequential to dynamic the response of graded lattice.
Zhang et al. [177] manufactured a cylindrical Ti6Al4V specimen with
radially graded layers having porosity varying from 91.3 vol%, 76.9 vol
%, 48.4vol% to 21.0vol%. They also complemented the study by
comparing experimental compressive test measurements with three fi-
nite element predictions (quarter-symmetric, ideal RVE and defect-
coupled RVE). As shown in Fig. 26a and b, the manufactured specimen
possesses low density, moderate elastic modulus and high strength
values, which differ by only 2% from the simulated mechanical prop-
erties. Apart from simulation of mechanical loading behavior, other
types of simulation can also be performed to recreate biomedical
treatments. For instance, Olivares et al. [178] modelled the perfusion
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Fig. 24. Stress-strain plot comparisons (a) SS 316L/H13 tool steel, (b) SS 316L/Colmonoy, (c) SS 316L/SS 420 and (d) SS 420/AlBrnz [167].

fluid within a bone implant. The perfusion fluid mechanically stimu-
lates cell proliferation at a given fluid shear stress range. The velocity of
fluid flow and shear stress onto the implant surface were calculated in
order to evaluate the efficiency of the perfusion fluid within scaffolds of
different geometry. Structures with a lower number of layers perpen-
dicular to fluid flow direction are predicted to have better cell attach-
ment, though the longitudinal orientation provide more uniform stress
distribution.

Besides the application of FG Ti6Al4V for bone implant scaffolds,
the use of Ti metal and FG Ti/TiB composites has also been studied
[179]. Han et al. [180] produced five volume fraction combinations
(20/5vol%, 20/7.5vol%, 20/10 vol%, 20/12.5vol% and 20/15 vol%
Ti) of Schwarts diamond Ti scaffolds by SLM. These volume fraction
combinations correspond to 87.93%, 87.17%, 86.94%, 85.08% and
84.03% porosity respectively. The porosities that were measured in
actual samples only deviated from the designed porosities by approxi-
mately 3.5vol%. Among these samples, the 20/5 vol% combination has

Table 4
Reported mechanical properties of steel alloy FGMs processed by AM.

the highest deviation between the designed and the actual porosity
because of buckling of its extremely thin struts during manufacturing.
Five samples experienced the typical process of elastic deformation,
strut fracture and global densification. An oscillation in stress values
was observed in four out of five samples, while the 20/12.5vol%
combination is the most pronounced. Each peak in these oscillating
stress-strain curve corresponds to plastic deformation of a graded layer.
The final rise in stress values indicates a global densification phenom-
enon after all struts were deformed, and the entire sample becomes a
more compact material. A series of real time recordings in Fig. 27 shows
the failure process from proximal layer to layers in the middle. The 20/
15vol% sample behaves more like homogeneous porous scaffold and
had a significantly higher ultimate strength than other four samples.
The graded porosity produces oscillating plateau regions on stress-
strain curves corresponding to layer-by-layer fracturing mechanism.

Comparisons between the compressive properties of different FGMs
scaffolds are summarized in Table 5.

Material

AM Technique Hardness

400W/1000W/400W SS 316L [149]

SS 316L/Stellite12 with few millimeter transition zone [154]
SS 316L/Stellite12 alternating layers [154]

SS 316L/Cu bimetallic [155]

SS 316L/P21 with 25/50/75% graded layers [82]

SS 316L/P21 + 316L SS/P21 [156]

SS 316L/NiCr with Cr/Ni ratio varying from 1.4 to 1.7 to 2.3 to 3.7 to 9.7 [157]
SS 316L/IN718 bimetallic [158]

SS 316L/IN718 with 25/50/75% graded layers [159]

SS 410/NiCr/Ti6Al4V [117]

SS 316 L/SS316L + FezAl/FesAl [164]

SS 304 L/IN625 with 1 vol% change per layer [40]
Fe-16Cr-8Ni/Fe-14Cr-16Ni/Fe-12Cr-23Ni/Fe-9Cr-28Ni [165]

SLM Between 150-220HV

LDM From 200HV to 650HV
LDM Between 300-400HV

SLM 259 + 7HV - 74 + 5HV
DED From 200HV to 440HV
DED From 210HV to 330HV
LMD From 1.85 GPa to 6.90 GPa
EBM From 148 = 11HV to 241 + 12HV
LDMD Between 155.6-186.1HV
LENS From 115HV to 275HV
LENS From 500HV to 400HV
DED From 210HV to 240HV
DED From 110 HV to 250HV

(SLM: Selective Laser Melting, LDM: Laser-assisted Direct manufacturing, LMD: Laser Metal Deposition, EBM: Energy Beam Melting, LDMD: Laser Direct Metal

Deposition, LENS: Laser Energy Net Shaping, DED: Direct Energy Deposition).
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Fig. 25. Stress-strain comparison between BCC scaffolds with 0.4, 0.6, 0.8 mm diameter and graded dense inward and outward [172].

4.4. Invar 36 alloy

4.4.1. Invar 36/TiC

The use of materials that exhibit a low coefficient of thermal ex-
pansion over wide temperature ranges can minimize the internal stress
accumulation within AM components. To that effect, Invar 36 (64% Fe
and 36% Ni) possesses near zero thermal expansion below 300 °C,
which renders it an ideal for AM processing. The low strength is thought
to be improved via forming FGMs with TiC and its associated high
hardness. Li et al. [181] build an FG Invar 36/TiC composite with 0 vol
% to 50 vol% TiC using a 2000 W laser power at a scanning speed of
20 mm/s and a deposition rate of 20 g/min. The addition of TiC effec-
tively modifies the spherical invar grains into dendritic structures as
shown in Fig. 28a, and grows more pronounced with increasing TiC as
shown from Fig. 28b-f. However, at above 50 vol% TiC, the TiC powder
remains unmelted as spherical or faceted grains as shown in Fig. 28f.
From Fig. 28g and h, the mechanical properties of Invar 36 are im-
proved, with gradually increasing hardness from 10 HRC to 55 HRC and
tensile strength varies from 280 MPa to 500 MPa with increasing vol%
of TiC.

(a)

Layer 1

Layer 2 —»I-— Layer 3 —»Ic—

4.4.2. Invar 36/V

Bobbio et al. [182] manufactured a FG Invar 36/V composite
(shown in Fig. 29a) with varying by 3 vol% within each printed layer
from 100 vol% V to 100 vol% Invar 36 using the DED technique. After
the 75th layer was printed, the sample fractured entirely around the
30th layer, which prevented the completion of the process. The final
macroscopic crack shown in Fig. 29b was caused by small cracks and
pores (see Fig. 29d) formed in the region with a composition ranging
from 18 to 33 vol% Invar. These cracks can be attributed to the for-
mation of the brittle o-FeV intermetallic phase. From Fig. 29e and f,
thermal dynamic calculations predicted the presence of the o-FeV in-
termetallic phase between bcc V and fcc Invar. This prediction was
confirmed by the EBSD analysis of 24 vol% to 73 vol% Invar which il-
lustrates the overwhelming o-FeV from 30vol% to 58 vol% Invar. As
evident that o-FeV phase drastically increases the hardness to 740-
1050HV from 109 to 138HV. In this study, the presence of o-FeV ren-
ders the sample brittle and is likely responsible for the macroscopic
crack that formed during fabrication. Through further analysis using
computational thermal dynamics, either a non-linear FG compositional
change may perhaps be designed to mitigate the negative effect of

b i —P1
(b) 800 £
—_—P3
Layer 4 ——I P4
Y & o0 P5
: ~Fors
g
S 400
7]
200
H
0 S o puch
0.0 0.6 0.7 0.8
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Fig. 26. (a) Lattice structure design representing hierarchical structure of human bone, (b) stress-strain plot comparison among different uniform lattice structures
and the four-layerd FGMs structure; P1, P2, P3, P4, P5 and P6 test specimens correspond to 10.5 vol%, 21.0 vol%, 32.6 vol%, 48.4 vol%, 76.9 vol% and 91.3 vol%

uniform porosity respectively [177].
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Fig. 27. Deformation process of graded Schwarts diamond Ti scaffold and
corresponding stress strain curves showing deformation process and compar-
ison between different porosity combinations [180].

o-FeV, or alternatively, the high strength of o-FeV can be deliberately
engineered into a component for an appropriate application.

4.5. Other related materials

4.5.1. Al,O3

Ceramics are known for their high temperature structural perfor-
mance, but are often limited to simple geometries due to their poor
machinability and low fracture toughness. AM technologies, in prin-
ciple, can eliminate the concern for geometric limitations, and add fine
control to localized microstructure. Though currently, a sintering pro-
cess needs to take place for additive manufacturing of ceramics either as
an investment casting process or a finishing step for printed green
bodies. For instance, a FG Al/Al,O3 composite were manufactured by
Singh et al. [183] through investment casting of FDM prototypes. Al,O3
particles in an Al matrix enhances strength, wear and creep resistance
with accompanying low weight and thermal expansion. The nylon-Al-
Al,O3 filaments were first printed and prepared into ceramic molds
with molten Al metal poured in afterwards. Some Al,O3 particles were
found in the Al matrix [184]. Leu et al. [56] fabricated a FG Al,03/ZrO,
composite that transitions from 50% Al,O3 to 75% then 100%. The

Table 5
Mechanical Performance of Porous FGMs processed by AM.
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development of a three-extruder system for freeze-form extrusion fab-
rication was used to extrude graded ceramic pastes in an environment
below 0°C. The extruded FG Al,03/ZrO, composite contained a low
binder content, which could be removed through the sintering process.
Though the influence of this technique on mechanical performance of
the FG ceramics has not been investigated, these innovative approaches
highlight the potential for ceramic FGMs.

4.5.2. W/Cu

W has great potential in plasma-facing applications given its marked
resistance to neutron damage at high temperatures [185]. Cu can be
added onto tungsten as heat sink material for quicker dissipation of heat
accumulation [186]. Significant property dissimilarities, such as large
melting point and poor solubility, between Cu and W render conven-
tional manufacturing of FG W/Cu composites difficult, while introdu-
cing failure-inducing internal stresses [187]. Li et al. [186] used multi-
billet extrusion technique to produce a FG W/Cu composite with var-
ious compositions ranging from 15 vol%, 25vol%, 35vol% Cu. A hy-
droxypropyl methylcellulose (HPMC) solution was used as a binder for
extrusion materials to aid in better bonding of W and Cu. After a sin-
tering post-processing, an FG W/Cu composite with well bonded in-
terfaces and relatively high density were fabricated. However, the li-
quid state sintering process involved in this technique introduced high
strain energy into the crystalline structure, which facilitates the for-
mation of cracks. Tan et al. [188] manufactured bimetallic W/Cu using
selective laser melting. Cracks evolved near the bonding region as a
result of high residual stress and large thermal expansion mismatch.
Interestingly, an inter-diffusion phenomenon can be observed. The
opposing surface tension and temperature gradient causes mass trans-
port at the W/Cu interface, which bonds the two materials in the ab-
sence of intermetallic phases. This mass transport phenomenon can
perhaps be studied in detail and incorporated into the design of novel
FG W/Cu composites.

5. Conclusion and future directions

In summary, the objective of this review paper was to introduce the
audience to the field of functionally graded materials (FGMs) as related
to the emergence of technologies associated with additive manu-
facturing (AM). It is evident from the vast literature reviewed in this
work, that there is increasing interest in the application of AM tech-
nologies for the fabrication of FGMs. In a sense, it is the inherent
flexibility of AM technologies that render them ideally suited to

Material (Ti6Al4V) AM Technique Mean Porosity

Elastic Modulus (GPa)

Yield Strength (MPa) Ultimate Compressive Strength  Strain (%)

(%) (MPa)

Porous surface with denser core [42] SLM 37.9 65.1 = 12.2 578 + 21 1072 = 10 26.0 = 1.0
Porous core with denser surface [42] SLM 48.4 47.6 + 11.2 422 + 14 579 + 1 18.6 = 0.1
Gyroid scaffold with linear gradient in SLM 25 2.2 * 0.23 39.8 = 4.1 43.4 = 35 n/a

density [175]
Diamond scaffold with linear gradient in SLM 25 2.1 + 0.16 n/a 38.7 = 2.8 n/a

density [175]
Gyroid scaffold with gradient cell size [175] SLM 30 3.8 £ 0.13 126.5 = 6.2 152.6 = 4.9 n/a
Diamond scaffold with gradient cell size SLM 30 3.8 = 0.26 136.6 = 5.1 145.7 = 3.3

[175]

n/a

Heterostructure of Gyroid and Diamond SLM 30 3.6 = 0.19 n/a 107.5 = 3.2 n/a

[175]
Radially Graded Porous Structure [177] SLM 59.4 10.44 = 0.20 170.6 = 15.6 201.0 = 10.7 n/a
Diamond 20/5 vol% [180] SLM 84.99 0.28 = 0.01 3.7 = 0.85 n/a n/a
Diamond 20/7.5 vol% [180] SLM 84.44 0.33 = 0.03 4.76 = 0.13 n/a n/a
Diamond 20/10 vol% [180] SLM 83.96 0.38 + 0.03 6.78 = 1.03 n/a n/a
Diamond 20/12.5 vol% [180] SLM 82.23 0.46 = 0.02 13.21 = 0.60 n/a n/a
Diamond 20/15 vol % [180] SLM 81.12 0.59 *= 0.02 17.75 = 0.90 n/a n/a

(SLM: Selective Laser Melting).
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Fig. 28. (a) SEM image of spherical invar grains, (b-e) formation of dendrites with increasing TiC, (f) unmelted TiC powder at above 50 vol% TiC, (g) hardness values
with increasing TiC in invar, (h) yield strength at different sections in comparison with other materials [181].

fabricate complex geometries with spatially varying distributions of
phases that can be engineered to tailor mechanical and physical prop-
erties in a precise way. It is also evident that AM technologies can be
used to manufacture an almost infinite combination of alloys, metals,
ceramics and composites in very different geometries. It is, however,
this precise flexibility that renders AM technologies difficult to develop
into reliable commercial products. A number of challenges have
emerged that in the view of the authors, must be circumvented and
there will be a successful application of AM for the fabrication of FGMs.
These are described in details below:

e There are a large number of variables (power density, powder flow
rate, displacement velocity, substrate characteristics, etc.) that exert
an important influence on a resultant microstructure, phase com-
position and properties of AM materials. This flexibility also pre-
sents an inherent challenge when the need to optimize multiple
variables is required in order to attain reproducible properties for a
specific material system.

o In terms of optimal alloy design for the successful manufacturing of
FGMs using AM technologies, it is also evident that the local and
frequently non-equilibrium conditions that are associated with AM,
render it hard to predict precise phase composition and micro-
structure when there are slight variations in the process parameter
space. Minor fluctuations in the thermal field, for example can yield
changes in microstrucuture.

® Process optimization generally does not carry out from one process
to another, making it very difficult to generalize operational prin-
ciples for the various AM technologies, such as would be required by
industry for proper operation of a reliable manufacturing line.
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There are however, recent advances and science and technology
that promise to help circumvent the above challenges. These are de-
scribed below:

e First, is the development of artificial intelligence techniques which
can potentially help in the design of process and materials that are
optimal and can be lead to in-situ optimization of microstructure
and properties.

e Second, is the design and implementation of novel diagnostic

techniques that when properly arranged with feedback control loops

can be used to maintain consistent process conditions. To that effect,
there is already some evidence that this strategy is proving to be
helpful for AM technologies.

Third, is the implementation of thermodynamic databases such as

CALPHAD, to design alloy compositions a-priori that can then be

used in AM to anticipate phase composition and stability.

e Last, is the design and optimization of AM techniques can be used to
fabricate multi-dimensional complex multi-functional FGMs that
can be applied to extreme working conditions.

In closing, despite the challenges that remain, it is evident that the
field of AM and more specifically as applied to FGMs, offers almost
unlimited potential. It is clear, however, that there is a large amount of
research work that is left to be done.
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