Int J Adv Manuf Technol (2017) 91:1839-1849
DOI 10.1007/s00170-016-9851-2

@ CrossMark

ORIGINAL ARTICLE

Mechanical properties of a novel plymetal manufactured
by laser-assisted direct metal deposition

Sohaib Z Khan'? « S.H. Masood' - Ryan Cottam"

Received: 14 July 2016 / Accepted: 29 November 2016 /Published online: 24 December 2016

© Springer-Verlag London 2016

Abstract Plymetal is the term used here to describe a com-
posite structure where more than one solid metals are joined or
pressed to gain unique set of properties. Mostly flat plates are
used, which are then bonded together to form sheets for fur-
ther forming processes. In this work, a novel plymetal is de-
signed to create a structure with alternating layers of metals
both in radial and in axial directions. In the radial direction, the
plymetal was conceived by having a cylinder surrounded by
annular structure of alternate material. In the axial direction,
the centre cylindrical material is changed, followed by annular
structure of alternate material. Such a plymetal is realised by
laser-assisted direct metal deposition additive manufacturing
technology. Two different metal powders, AISI H13 tool steel
and AISI 316L stainless steel, were used to create the
plymetal. The uniaxial compressive test was performed on
the plymetal, and the results were compared with the individ-
ual solid structure of H13 tool steel and 316L stainless steel,
also made by direct metal deposition. Young’s modulus, yield
strength and yield strain of the samples were determined in
compression. The dual modulus of elasticity in the region
before yielding was observed in all samples. An analytical
equation to calculate Young’s modulus of the plymetal based
on a stiffness method was also derived. Microstructure of the
plymetal was observed through optical and scanning electron
microscopy, which revealed perfect bonding between the two
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metals and small pores with sizes less than 1 um. It is expected
that the variant of plymetal will be able to give better tuneable
control on the mechanical properties for numerous
applications.

Keywords Direct metal deposition - Lasers - Plymetal -
316L - H13 - Composite

1 Introduction

In many engineering applications, existing monolithic alloys
and metals put restrictions on material selection for specific
design due to their limited properties and characteristics. In a
desire to control physical and mechanical properties of mate-
rials, researchers are pushing the boundaries to form new ma-
terials, composites, alloys and different structures. This pro-
vides greater flexibility for the selection of materials for par-
ticular engineering design applications. Inducing microstruc-
tural and macrostructural changes in the material is one of the
methods to improve properties of materials [1]. Even mono-
lithic alloys and metals can be given different structures, for
example, cellular, porous or foam-like structures, which pro-
vide tenable control to achieve desired set of properties [ 1-3].

There are many models of composite material that provide
better control on properties by mixing two or more constituents,
for example, metal matrix composites (MMCs). In case of
MMC, the base material is metal, which is reinforced with
particles, platelets, continuous and non-continuous fibres
[4—6]. In MMC, the particulate inclusions for reinforcement
are generally made up of metal-based carbides, nitrides, borides
and oxides, whereas the fibre inclusions are generally made up
of alumina and carbon [4]. A hybrid approach has also been
used by mixing particulates and fibres together in a single
MMC [7]. The use of long alumina fibre in Al-6061 MMC is
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reported to improve fracture stress by more than 50%, which
depended on fibre orientation and strain rates [5].
Reinforcement in MMC generally improves isotropic proper-
ties of the materials; however, in case of fibres in MMC, the
properties are still affected by the direction of the fibres [5, 8].
Another class of composite materials is the sandwich structures
in which a different low-density cellular or porous core is
sandwiched between thin plates [9]. Sandwich structures are
the most suitable when the weight of the load-bearing compo-
nent is critical. By changing the size and dimension of the core
and the plate, desire results can be achieved. Other more ad-
vanced materials can be classified as multifunctional material
system [10]. Examples of the multifunctional materials are
functionally graded materials (FGMs), which are generally
manufactured by conventional processes of powder metallurgy
or melt processing [11]. In FGM, composition and structure of
the constituent materials are gradually varied over the bulk
volume. This results in a gradual change of the structure of
material and thus gradual change in corresponding properties
along the variational direction of the material. Metal and ce-
ramic (ductile and brittle) layered structures have also been
studied to improve the fracture resistance of the composite
[12]. These metal/ceramic composites have many applications,
especially in electronic industry.

The manufacturing of appropriate composite structure is
the basic hindrance in realising metal-based composites. The
most commonly used processes for the manufacturing of
metal-based composite materials (or MMCs) are derived
from casting techniques and powder metallurgy methods
[4, 13]. Multi-layered composite materials can be
manufactured by severe plastic deformation (SPD)

Fig. 1 Conceptual plymetal
model showing a first layer zone,
b second layer zone, ¢ assembly
of four layer zones and d inside
view of the plymetal
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techniques [14, 15]. In SPD techniques, layers of different
materials are pressed together, which not only deform these
layers but also create bonds between them. Deformation or
rolling process can be repeated many times to form the final
structure of the material. Bulk materials with sub-micron
grain size are possible to obtain through specialised SPD
techniques [14]. Homogenous material composition can also
be achieved by SPD techniques. In Al/Ni composites,
fragmented nickel layers were found to be homogenously
mixed in aluminium matrix by the accumulative roll bond-
ing [15]. Multi-layered composite structures can also be
manufactured by diffusion bonding under high temperature
and compressive load [12]. The properties of the layered
structure metals at the diffusion boundaries can be controlled
with the addition of another material different from the ma-
terials used to form layered structure [16, 17]. For example,
during diffusion bonding, Ag was added between the layers
of Ti6Al4V and AISI 304 stainless steel, which resulted in
obtaining defect-free bonds [16]. Similarly, thin Cu layer
was added between the layers of titanium and stainless steel,
which resulted in reduction of diffusion time and also
blocked a chemical reaction between the base materials [17].

In contrast to the conventional material removal or de-
formation processes, additive manufacturing (AM) tech-
niques provide an alternate way in which a part is
manufactured via layer-by-layer addition of material [6,
18]. Multiple AM techniques have allowed a bottom-up
approach of manufacturing components in different fields
of applications [19]. The major advantages of AM tech-
niques over conventional methods include possibility of
manufacturing significantly complex components and

(a) (b)
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Fig. 2 Drawing of the sample plymetal with cross-sectional view. All
dimensions in millimetres

having tailored composition [20]. In additive manufactur-
ing, multi-material components can be manufactured by
several techniques, such as by depositing different mate-
rials by a laser powder deposition (LPD) technique
through feeders [21] or by allowing wire feed with the
powder during deposition [22]. In LPD-type AM tech-
niques, the input material for a part manufacturing can
be altered within each layer during the metal deposition
to make unique materials [21]. This inherent feature of
LPD-type AM has made it possible to make solid struc-
tures with variant materials, such as MMC and FGM. In
manufacturing multi-material component, the basic idea is
to create a bond between different metals to form a new
structure. Generally, high cooling rates in the range be-
tween 10° and 10'! K/s are possible during laser process-
ing AM technologies [23]. The control on metal

deposition during AM also allows to form interlink of
multiple metals rather than particulate or fibre inclusions
to manufacture metal-based composites.

Direct metal deposition (DMD) is a LPD AM process,
in which a focused laser beam is used to fuse metal pow-
der by melting and depositing it on a base substrate or on
the previous layer [24]. The CO, laser is most commonly
used in DMD, as it provides more power and control on
the overall process. The DMD process is suitable for fully
dense part fabrication as well as for repair of tools and
components. Some studies have also focused on deposi-
tion of one metal on another metal by DMD to achieve
desired properties and performance. Imran et al. [25] in-
vestigated deposition of H13 tool steel on high-strength
Cu alloy substrate using DMD both with and without
using 41C stainless steel as a buffer layer material for
bimetallic tooling application. In another report,
Erinosho et al. [26] investigated optimal DMD process
parameters for the improved bonding between Cu and
Ti6Al4V alloy composite. The DMD process and other
similar LPD AM processes like laser engineered net shape
(LENS) and direct laser fabrication (DLF) have also been
used to generate FGM and compositionally graded struc-
tures using two different metals. Soodi et al. [21, 24]
developed both functionally graded structure and wafer
layered structure by the laser-assisted DMD technology
and investigated the changes in tensile strength and coef-
ficient of thermal expansion (CTE) using pairs of metal
from a range of engineering alloys (316 SS, 420 SS,
Stellite 6, Aluminium Bronze, Colmonoy 6, H13 tool
steel), which are used in different engineering applica-
tions. Pulugurtha [27] fabricated functionally graded thin
wall structures involving Ti6Al4V and Inconel 625 alloys
by a laser DMD for space heat exchanger application tak-
ing advantage of high-strength/weight ratio of Ti6Al4V
and high temperature oxidation resistance of Inconel
625. Shah et al. [28] have used laser DMD system to
develop FGMs involving Inconel 718 and 316L stainless

Table 1 Laser-assisted direct

metal disposition process Description Units Plymetal H13 316L
parameters
Laser power w 2200 3000 3000
Laser beam diameter mm 1 2.5 2.5
Laser power density W/mm? 2800 610 610
Scan speed mm/min 325 250 250
Powder diameter pm 50-150 50-150 50-150
Powder feed rate g/min 8.1 for H13 12.5 12.5
7.5 for 316L
Shielding gas (Argon) L/min 10 10 10
Layer thickness mm 0.65-1.30 1.7 2
Overlapping - Half-track Half-track Half-track
Laser mode - Continuous Continuous Continuous
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Fig. 3 Samples after
manufacturing by laser-assisted
direct metal deposition.
Alternating metals are visible in
plymetal sample

steel and investigated the effect of process parameters on
hardness, wear resistance and tensile strength. Balla et al.
[29] applied a LENS process to fabricate FGM structures
using pure Ti and TiO, and noted that these structures
significantly increased the surface wettability and hard-
ness. Liu and DuPont [30] also used the LENS system
to fabricate ceramic/metal FGM involving TiC and Ti
and analysed hardness distribution. Articek et al. [31]
have applied LENS technology to develop FGM for
tooling application using H13 tool steel and copper
exploiting high wear resistance of tool steel and high ther-
mal conductivity of copper for better thermal manage-
ment. Wang et al. [32] used a DLF process involving
powder and wire feed to fabricate compositionally graded
materials using Ti6Al4V wire and TiC powder aimed at
improving wear resistance. Hofmann et al. [33] have used
a laser deposition system (LDS), similar to LENS, to de-
velop gradient metal alloys through a radial deposition
technique using Ti6Al4V alloy and vanadium powders
with focus on low CTE. Chu and Yu [34] proposed a
methodology to determine the material composition in
FGM using a multi-criteria decision making method based
on computer-aided engineering analysis. Hofmann et al.
[35] have provided an overview of the development of
compositionally graded metals using metal AM and have
proposed a systematic roadmap for alloy design based on
AM techniques and required physical properties with de-
sired functionality.

Published works have shown that LPD processes like
DMD have been tried extensively to fabricate functionally
graded structures for different applications. However, very
little attention has been paid on development of novel multi-
material composite structures for which DMD-type AM pro-
cess is equally suitable.

In this study, a novel plymetal composite structure is de-
signed and realised by laser-assisted DMD technique. Two
different metals were used to make a cylindrical-shaped
plymetal sample. Mechanical properties under uniaxial com-
pression were investigated on plymetal and compared with the
properties of the individual metal samples of the same size.
Young’s modulus, yield strength and yield strain of the sam-
ples were determined, and an analytical model for stiffness of
plymetal is proposed. Hardness of both metals in the samples
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316L

H13
Plymetal

25mm

was also measured and compared with the literature. A micro-
structure analysis of the plymetal was carried out using optical
and scanning electron microscopes.

2 Methods and material
2.1 Conceptual plymetal model

Plymetal is the term used when there are more than one solid
metals joined or pressed together to gain unique set of prop-
erties. Mostly flat plates are used, which are then bonded
together to form sheets for further forming processes. The
properties of such structures are mostly limited to the normal
direction of the layers. In this study, the concept was to create
a plymetal with alternating layers of metals both in radial and
in axial directions. In the radial direction, the plymetal was
conceived by having a cylinder surrounded by annular struc-
ture of alternate material as shown in Fig. la. In the axial
direction, the centre cylindrical material is changed, followed
by annular structure of alternate material as shown in Fig. 1b.
The whole structure is defined by two-layer zones, which can
be considered as a unit cell that can be repeated in axial direc-
tion to create the whole structure. Multiple configurations are
possible in terms of dimensions, the number of materials and
in the fashion that they are being altered. However, in this

—=— 316L
—©— Plymetal
—>—H13

1,250

1,000 b

750 7

Stress (MPa)

500 1

250 b

0 0.02 0.04 006 0.08 0.1 0.12 0.14
Strain (mm/mm)

Fig. 4 Stress and strain curve of the compression test
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Yield strain
0.105
0.087
0.074
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Yield strength (MPa)

1100
600
478

Strain (mm/mm)

E2 (GPa)
8.45
7.92

12.23

s modulus

Young’
E1 (GPa)
3.97
3.06

same dimensions, and both materials are enclosed by each
2.99

other as shown in Fig. 1d.

for E2
0.9647
0.9698
0.9685

R? for linear curve fitting

for E1

0.9987
0.9980
0.9986

Fig. 5 Estimation of E1 and E2 from the compression test on the segmented data sets
Sample material
H13
Plymetal
316L

work, the concept is restricted to two materials with total four
layer zones as shown in Fig. lc. Each zone should have the

Table 2 Uniaxial compression

test results
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Fig. 6 Cut section showing series ( a)
configuration of the plymetal for

a middle portion and b annular

portion

2.2 Manufacturing of the plymetal

The dimensions of the plymetal sample as derived from the
concept design are shown in Fig. 2. For property comparison
purpose, separate solid cylinders of each metal were also
manufactured with dimensions of 25-mm radius and 20-mm
height.

The machine used for the manufacturing of the structure by
DMD was POM DMD 505, operating with a CO, laser with a
maximum laser power of 5 kW. The two metals used in this
study were AISI H13 tool steel and AISI 316L low-carbon
stainless steel. Both metals were in powder form used to make
solid structure. The chemical composition of the metal pow-
ders can be seen in [36]. Three different samples were
manufactured: plymetal, H13 and 316L The materials for
plymetal include alternate ring layers of H13 and 316L steel
as discussed in the previous section. The material details and
parameters used for manufacturing the samples are
summarised in Table 1.

After each layer deposition, the thickness of the layer was
measured. For plymetal, the initial layers were having smaller
thickness, but as the part was built in vertical direction, the
layer thickness was increased. A half-track overlapping was
set for all the scans during the deposition. Track overlapping
minimises porosity and voids in the samples during laser de-
position [37]. Once the samples were manufactured, they were
machined from the base plate and also machined from the top
to maintain the design dimensions. The final samples after
machining are shown in Fig. 3. It should be noted that the
alternate layers of H13 and 316L for the top surface are visible
as the darker rings for H13 and the lighter rings for 316L in the
plymetal sample. The density of each sample was approxi-
mately 7.5 g/cm® measured by weighing the sample and di-
vided by the volume of the samples.

2.3 Uniaxial compression test

A uniaxial compression test was performed using an Instron
four-column static testing machine with the maximum load
capacity of 5 MN. The samples were placed between the
hardened flat platens of the machine and compressed along
the thickness (build direction) of the sample. The test was
performed on each sample beyond yielding at a constant strain

@ Springer

(b)

rate of 1 mm/min. The compressive strain was obtained di-
rectly from the machine using an extensometer attached with
the platens. The compressive stress was obtained by dividing
the applied force by the cross-sectional area of the sample.

2.4 Sample preparation for microanalysis

The top surface of the samples was ground and polished for
microanalysis. The mechanical grinding of the samples was
performed on a silicon paper under flowing water. The grit
sizes of the papers used for grinding were 120, 180, 240, 320,
600 and 1200. The polishing was carried out by using a
diamond-based suspension on polishing cloth with particle
sizes of 6, 3 and 1 um.

For microstructure analysis, the plymetal polished surface
was chemically etched with H,O/HCI/HNOj5 (1:1:0.2) solution
for approximately 3 s. The surface was then rinsed and dried
with ethanol. Microstructures were observed with optical mi-
croscope (Olympus BX61) at various magnifications. A scan-
ning electron microscope (SEM) (Zesis Supra 40VP) was used
for the observation of microstructure at higher magnifications.

3 Results and discussion
3.1 Uniaxial compression test

There are two types of Young’s modulus reported in literature
for the tension test of alloys, mostly for porous structures [38].
The first one is termed as the ‘true Young’s modulus’ (E1), as
this can be measured by other techniques, for example, ultra-
sonic test [39]. The other one is termed as ‘apparent Young’s

(a) Kaas
KaS1
<— Ka21 —>
Ka1 1
(b)
Kr1 Kr 2 KrS Kr4 Kr5
<< NVNWN—VWN— WW— W

Fig. 7 Analogues circuit for a series configuration and b parallel
configuration
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Table 3 Comparison of ]
experimental and analytical Total stiffness Young’s modulus
stiffness and Young’s modulus of
the plymetal K1 (using E1) K2 (using E2) El E2
(GN/m) (GN/m)
Experimental Analytical Experimental Analytical
(GPa) (GPa) (GPa) (GPa)
0.335 0.944 3.06 341 8.45 9.62

modulus’ (E2) because of the presence of localised yielding
near voids and pores [38]. The stress-strain curves observed
during the uniaxial compression test are presented in Fig. 4.
The compression test for all three samples showed two differ-
ent linear curves before the yielding or non-linear behaviour
started. In order to estimate E1 and E2 of the samples, lines
were fitting on the segmented data, using the least square
method, as shown in Fig. 5. R? value is a measure of how
close the data are to the fitted line. The curve fitting with the
highest R? value on the segmented data set points was selected
as shown in Table 2. R? value is used to find the end point of
E1, start of E2 and yield stress of the samples. The values of
El, E2, yield stress and yield strain of the each sample are
summarised in Table 2. Young’s modulus and the yield
strength of the plymetal were found to be more close to the
softer 316L stainless steel than harder H13 tool steel.

It should be noted that there is a limited literature available
on the compression tests of the solid metal samples made by
AM techniques. The parts manufactured by laser deposition
may contain many defects such as voids and cracks that are
formed during solidification and remelting for depositing the
next layer. Thus, their properties are low compared to their
wrought counterpart. In addition, if there is any oxidation of
metal powder, it will reduce the strength of the alloys [38]. A
comparison can be made for the parts manufactured by laser
metal deposition and rocks, as both having crystal structures,
grain boundaries, voids and discontinuities. A similar behav-
iour can be observed for the compressive tests of rocks [40].
The initial deflection in the sample during the uniaxial com-
pression is the combination of deformation of the sample,
interface with platens and the spherical seat of the machine
to stabilise axial loading. In addition, the small defects take the

Table 4  Average microhardness value of all samples before and after
the compression test

Before test (HV)  After test (HV) Difference (%)
316L in plymetal 388 408 +5%
H13 in plymetal 668 725 +8%
316L sample 385 400 +4%
H13 sample 685 722 +5%

major load during initial sample loading, resulting in highly
localised stress levels, in spite of calculated mean stress acting
on the whole sample being low [40]. The overall effect result-
ed in the non-linearity during uniaxial compressive testing
before yielding.

Riza et al. [36] have also reported earlier that dual modulus
of'the elasticity was observed in the region before the yielding
during the tensile tests for solid steel samples manufactured by
the same DMD machine. In those testing procedures, a low
strain rate (0.001/s) was used for both H13 and 316L samples.
E1l and E2 values are lower than those reported earlier [36]
because totally different operational parameters were used to
manufacture those samples. It is a known phenomenon that
changing process parameters during DMD has resulted in a
different outcome of the material in terms of microstructure,
grain size, porosity and hardness [41, 42].

3.2 Analytical solution of elastic properties of the plymetal

To calculate the uniaxial Young’s modulus of the plymetal
analytically, a stiffness method was used. This method is ap-
plicable within the elastic domain considering the extension
analogous to a spring having stiffness (K), which is given by
Eq. 1. In this equation, A is a uniform cross-sectional area, E is

800

I Bcfore test —
[ JAftertest | R

7001

6001 1

5001 b

400t — B 1

Hardness [HV]

3001 1

2001 b

1001 1

0

316L H13 316L H13 316L

Fig. 8 Vickers microhardness on the plymetal surface, before and after
the compression test from centre towards outside in radial direction
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Table 5 Comparison of

microhardness values with the Scan speed (mny's) Feed rate (mg/s) Laser power Microhardness
available literature density (W/mm®) ~ (HVN)
For 316L stainless steel
Majumdar et al. [41] 5 203 40 280
Amine et al. [42] 5 200 46 275%
316L in plymetal 5.4 125 2800 388°
316L sample 42 208 610 385°
For H13 tool steel
Telasang et al. [43] 5 199.5 255 660"
Choi et al. [37] 10.5-19 83-183 2600-3640 520-580
H13 in plymetal 5.4 135 2800 668°
H13 sample 42 208 610 685°

# Maximum value
® Before compression test

the Young’s modulus of the material, and L is the length per-
pendicular to the cross-sectional area.

AE
K=— (1)

The whole structure is first divided in the axial di-
rection and then in the radial direction. In the axial
direction, each layer zone having the same cross-
sectional areas with the alternating materials is in series
configuration as shown in Fig. 6. In the radial direction,
each layer zone with different cross-sectional areas with
alternating materials is in parallel configuration. Each
configuration can be represented analogous to the circuit
diagram as shown Fig. 7.

Thus, the stiffness in axial direction (K,;) for the inner
most metals (Fig. 7a) is a series sum having stiffness as
shown in Eq. 2. In Eq. 2, the number subscripts are referring
to material position in the plymetal with the first number
subscript showing the axial direction (layer zone) and the
second number subscript showing the radial direction. For

Fig. 9 Optical micrograph of the
plymetal surface showing
periodic melt pools

@ Springer

example, 11 is the first bottom material both in axial and in
radial directions. Similarly, 31 means third layer zone but
the first central material.

IS B S B 2
Ka Kan Ko Kt K
1 L L L L
1 Ln 2 ta | La 3)
Ko  AnEsx AnEp  AsnEx  Aukp
Ay | EsEp

Ka =S4 228 4
) [EA+EB 4)

Since, the plymetal has the same cross-sectional area (A;)
and the length (L) for each alternating materials in the axial
direction, thus, Eq. 3 can be reduced to Eq. 4. For each annular
structure, only the cross-sectional area will be changed. Thus,
stiffness value of each annular structure can be calculated
using Eq. 4 with modified cross-sectional area. There are
now five stiffness values representing combined materials in
an annular arrangement. This is now representing a parallel
configuration, and the total stiffness (K) of the plymetal is the
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simple arithmetic sum. Thus, the total stiffness of the plymetal
is given by Eq. 5.

- dlEa)

After calculating the total stiffness of the plymetal using
Eq. 5, Young’s modulus of the plymetal can be calculated
using Eq. 1 by considering overall cross-sectional area and
total thickness of the sample. The values of the total stiffness
of the plymetal calculated using E1 and E2 of the H13 and
316L samples and the corresponding Young’s modulus of the
plymetal are summarised in Table 3. The analytical values
tend to be higher than those found experimentally, as the stiff-
ness method does not cater for the interface effect between the
two metals and the possible defects during manufacturing. For
the possible applications of the proposed plymetal, analytical
calculations should be considered as higher guideline values

)

- Elongated, grains

o

Fine grains Coarse grains

50pm

Fig. 10 Optical micrograph of the plymetal surface showing
microstructure in a H13, b interface and ¢ 316L regions

and conservative approach should be used for considering
stiffness of the plymetal.

3.3 Hardness measurements

The Vickers microhardness number (HVN) was conducted on
the top surface of the samples with 100-g force using a
Buchler microhardness testing machine. The average values
of hardness on the top surface of all three samples before and
after the uniaxial compression tests are shown in Table 4.

Once the metal goes beyond the yield point in compression
test, it gets hardened because of the strain hardening. As the
load applied was beyond the yield stress in all three samples,
the HVN of the samples was found to have increased by more
than 4%. For the plymetal, the hardness values of the two
metals in the top surface before and after the compression test
are shown in Fig. 8. The maximum strain applied on the
plymetal was 0.135 greater than the yield strain that was found
to be 0.087. The inner most portions may be subjected to the
highest stress due to the smallest cross-sectional area.
However, because of the confinement, there was less straining
in it, resulting in less hardening compared to the annular struc-
tures, which have more liberty to expand radially during the
compression test.

Spherical - Etch pits

pores

Fig. 11 SEM micrograph of the plymetal in a H13 region and b 316L
region
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The HVN values of plymetal materials are also compared
with the available hardness values in literature of the same
materials processed by laser deposition as summarised in
Table 5. The HVN values of both metals in plymetal are found
to be higher than the reported values of hardness even for the
different laser power densities used. However, it has been
reported for H13 that during deposition, fine lath martensite
and carbides are formed, which are responsible for increasing
hardness in laser deposition compared to bulk H13 tool steel
[43].

3.4 Microstructure analysis

In laser deposition of metals, the thermal history experienced
during processing is directly related to different microstruc-
tures formed and thus to the mechanical properties of the final
material. Periodic uniform melt pools along with the overlap-
ping regions were observed in optical microscopy generated
by the scanning laser beam during metal powder deposition as
shown in Fig. 9. The grain growth was even across the melt
pool, mostly due to remelting or formation of heat-effected
zones at the boundary of the solidifying melt pool after the
laser beam moved forward.

The optical micrographs of the plymetal at higher resolu-
tion are shown in Fig. 10 at H13 and 316L deposited regions.
After the chemical etching, H13 tool steel grains were dark in
colour and 316L stainless steel grains were light in colour.
Similar microstructure was also observed in laser deposition
of H13 tool steel [43] and 316L stainless steel [44]. Elongated,
coarse grains and fine grains were observed during the micro-
structure analysis because of the high cooling rates and non-
equilibrium conditions. High cooling rates are possible during
laser AM technologies [23]. As shown in Fig. 10b, at the bond
interface between the two metals, the shape and size of grains
change with very little dilution resulting in a neat interface,
which is a product of reintroduction of heat to the previous
layer while depositing the next layer. It is considered as a full
remelt on the surface and partial remelt in the sub-surface zone
also known as the heat-affected zone. The SEM micrographs
at higher resolution for H13 and 316L in plymetal are shown
in Fig. 11. The microstructures of the plymetal revealed solid
structure with negligible porosity. However, small spherical
pores of size less than 1 um were observed on the surface,
which may be due to the oxidation during laser deposition.
Additionally, etch pits were also observed due to pitting attack
of acid etchant. For each layer in vertical direction, the depo-
sition is made in a circular manner with increments in radial
direction. During microstructure analysis, no apparent gaps
were observed on the etched surface of the sample.
Additionally, at the boundary of the two materials, a perfect
bonding was observed mainly because of the half-track over-
lapping used during the laser deposition.

@ Springer

4 Conclusion

A novel plymetal concept is presented with alternating layers
of metals both in the radial and in the axial directions. The
plymetal, which consisted of H13 tool steel and 316L low-
carbon stainless steel, was manufactured by laser-assisted
DMD AM technology. A uniaxial compression test was per-
formed to estimate Young’s modulus, yield strength and yield
strain of the plymetal. The dual modulus of elasticity in the
region before yielding was observed for the plymetal as well
as for the samples of H13 tool steel and 316L stainless steel.
The dual Young’s modulus of the plymetal was found to be as
E1 = 3.06 GPa and E2 = 8.45 GPa. The yield strength and
yield strain of the plymetal were found to be 600 MPa and
0.087, respectively. An analytical equation to calculate
Young’s modulus of the plymetal based on the stiffness meth-
od was also derived. The analytical Young’s modulus value
for the plymetal was found to be marginally higher than the
experimental values. Vickers microhardness of the individual
metal in the plymetal was also observed before and after the
compression test. The microstructure of the plymetal was ob-
served through optical and scanning electron microscopy,
which revealed perfect bonding between the two metals. The
size of the pores in the plymetal was found to be less than
1 um. More specialised plymetals can be designed and
manufactured using AM by changing the dimensions, the
number of materials and in the fashion that they can be altered
to give better tuneable control on the mechanical properties in
such composite structures for numerous applications.
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