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umns were cross-sectioned and characterised by coupling physical characteri-
sation with microhardness. Scanning electron microscopy and compositional
mapping were used to correlate the relationship between energy density and the
produced functional gradient. It was seen that high energy deposition resulted
in a measurable, remelted layer solute (RLS) fraction that comprised each
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Introduction

Additive manufacturing (AM) has emerged as an
advanced manufacturing method for fabrication of
complex engineering designs. Amongst the various
AM techniques, directed energy deposition (DED)
offers unique capabilities of manufacturing large and
complex multi-material components. The concept of
fabrication of multi-material parts is not entirely new,
but the joining of dissimilar metals remains chal-
lenging. The effect of the processing condition on the
formation of the interfaces and their mechanical
properties is not well understood, while dissimilar
metal welding using shielded metal arc welding and
gas tungsten arc welding [1-4] has been the subject of
many studies using these methods which have
inherent limitations, such as the requirement of par-
ticular filler materials, and also subject to inducing
large heat affected zones (HAZs) during fabrication
[1-4]. Alternatively, non-fusion welding techniques
such as explosion bonding or friction-stir welding
nominally offer mechanically bonded interfaces
which may have variations in strength compared to
the base materials [3, 5].

Conversely, DED presents high potential for dis-
similar metal bonding, due to the ability to tailor the
processing parameters and make use of the localised
deposition of the material and powder laser interac-
tion [6]. Modern DED systems can incorporate mul-
tiple feed hoppers that can be utilised to manipulate
the input composition and offering the ability to
produce graded structures and in situ alloying. Sev-
eral studies have explored this concept to fabricate
functionally graded materials (FGMs) by DED using
following materials couples: pure Ti- to Ti-based
alloys [7-9], Ti alloys to Fe-based alloys [10, 11], steel
to stainless steel [12] and stainless steel- to Ni-based
alloys [13].

Liu et al. [7] demonstrated the use of in situ pow-
der mixing to fabricate TiC/Ti FGMs: it was shown
that gradual transitions could produce crack-free
composites, while direct transitions to Ti-95vol%TiC
composite resulted in vertical cracks, and long
transverse cracks in a Ti-80vol%TiC composite direct
transition. Cracking was attributed to high levels of
thermal stress and interfacial mismatch stresses that
formed during the process. Mahamood et al. [8]
showed how DED could be used to optimise FGM
fabrication, by optimising the parameters for each
deposited layer in the transition. Li et al. [11]
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attempted to join Ti6Al4V and SS316 via DED but
experienced severe cleavage fracture due to strong
intermetallic formation. Li et al. [10, 11] designed a
new transition based on the principal alloying ele-
ments transitioning as follows: Ti6Al4V — V —
Cr — Fe — S5316, effectively mitigating the inter-
metallic defect formation.

Farren et al. [12] investigated the feasibility of
joining carbon steel to stainless steel via DED. It was
seen that a smooth transition could be produced with
four distinct microstructure regions in the joint:
austenite, dual-phase austenite/martensite, ferrite/
bainite and tempered martensite. Solidification cracks
were prone to form in the austenitic region that could
be mitigated by adjusting the composition range to
ensure solidification of primary ferrite and secondary
austenite to minimise the occurrence of hot cracking.
Shah et al. [13] used parametric design to test con-
tinuously graded SS316L and Inconel 718 thin walls
via DED. The laser power and powder mass flow
rates were tested to understand their impact on the
produced microstructure and mechanical properties.
It was seen that the tensile strength of the transition
was inversely proportional to the laser power and
increased with powder mass flow rate, most likely
due to changes in cooling rates. Carroll et al. [14]
graded from SS304L to Inconel 625 over 24 layers via
DED. The approach resulted in a smooth transition
without sharp compositional changes or microstruc-
tural boundaries. Cracks were observed in the 80%
5S304L region. Using thermodynamic calculations,
they were able to determine that this region corre-
sponded with conditions for stable monocarbide
nucleation. EDS mapping-revealed cracked areas
were rich in Mo and Nb, suggesting that Monocar-
bide (Mo, Nb) was the main culprit for solidification
cracking. Chen et al. [15] did an in-depth analysis of
the microstructure development of an SS316L and
Inconel 625 FGM fabricated by DED. They were able
to achieve excellent mechanical properties (yield
strength and UTS of 822.77 and 1029.9 MPa, respec-
tively) by grading the transition in 10% increments. It
was seen that the primary alloying elements, Fe and
Ni, were able to homogeneously diffuse for each
layer. With increasing Inconel 625 content, the pri-
mary dendrites increased in thickness and secondary
arm spacing. When the composition exceeded 80%
Inconel 625, secondary phases formed along the
dendritic boundary. Failure in the joint was attrib-
uted to micropore rupture.
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In this study, the joining of Inconel 625 (INC625)
and stainless steel 316L (55316L) via melt pool mixing
is explored. Inconel and stainless steel have the
potential for good bonding as they are both primarily
single phase, face-centred cubic (FCC) structures that
share many of their principal alloying elements (Ni,
Fe, Cr) that have mutual solid solubility. There have
been many attempts to join Inconel and stainless steel
together, primarily through the use of different
fusion welding techniques in which many challenges
quickly become apparent: firstly, during welding,
Inconel alloys become prone to forming detrimental
a-chromium precipitates in the fusion zone (FZ) and
HAZ, inducing hot cracking [16, 17]. Secondly,
microfissuring or microcracking, in the HAZ, can
form due to large heat inputs, leading to poor
mechanical properties in the weld [18]. Additionally,
Nb-rich phases can precipitate during welding that
can induce embrittlement and result in a reduction in
ductility, fracture toughness and fatigue [17, 19].

Several traditional fusion welding approaches
require the use of filler materials [17, 20-23]. The
selection of suitable filler material is based on finding
a filler with a thermal expansion coefficient between
the two substrate materials and one which can create
a strong metallurgical bonding with both materials.
Furthermore, the filler needs to have high solubility.
To date, there is no clear front runner filler material
as each selection suffers from particular deficiencies.
Often the use of simpler alloys than one of the sub-
strate materials is preferred to limit the effect of
excessive precipitation of the alloying elements.

In this work, the use of melt pool mixing in the
DED process is explored for the creation of func-
tionally graded materials. The melt pool can be
manipulated in size by changing the energy density
which depends on the processing parameters such as
laser power, scan speed and beam size. The interplay
between these parameters is assessed by considering
the dilution rate. In welding, the dilution rate is
defined as the fraction of the weight of the remelted
substrate vs the whole weight of the weld [3, 4]. A
similar concept is adopted for DED where the dilu-
tion rate is used to describe the fraction of the pre-
vious layer that is remelted and combined with the
deposited layer. In DED systems, the dilution ratio is
affected by the ratio between the energy density and
the material deposition rate. A DED process with a
high energy density and a low deposition rate results
in a deep penetrating melt pool. In general welding, it
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is desirable to avoid high dilution rates as they can
result in adverse effects such as hard spots, embrit-
tlement and cracks [3]. Here, it will be demonstrated
that high dilution rates may be a beneficial approach
to produce functional gradient materials with tunable
compositional changes.

Materials and methods

Two materials, namely Inconel 625 (INC 625) and
stainless steel 316L, were used in this study.

The metal powders were supplied by TLS Technik
with a spherical shape with an average size of 70 pm
within a range between 50 and 100 pm. The compo-
sitions of both powders are reported in Table 1.

Columns with the dimensions of 15 x 15 x 20
mm° were fabricated on a mild steel substrate using a
Trumpf TruLaser cell 7040 DED system. The printing
parameters are summarised in Table 2.

In each build, the base of the column was built
from INC 625 to a height of 10 mm and then transi-
tioned immediately to 10 mm of stainless steel 316L.
All printing was conducted within a controlled
atmosphere by pumping helium to purge the oxygen
levels below 20 ppm. Columns were printed using a
constant set of printing parameters only varying the
laser power between 1200 and 2000 W.

Characterisation

The samples were cross-sectioned down the middle
of each column, parallel to build direction via wire
cutting. The samples were ground to a 4000 grit
surface finish and then polished to 1 pm surface fin-
ish using diamond paste. A Duramin A300 hardness
tester was used with a 200-g load and 10 s dwell time
to measure the Vickers hardness across the welds.
Measurements were taken every 0.5 mm parallel to
the build direction, along the left, centre and right
thirds of the column. The sampling length was con-
densed across the weld zone to 0.25 mm, with an
0.25 mm alternating stagger in the X direction, to
achieve better resolution. The profiles across the
welds were plotted and the average Vickers hardness
was calculated from the bulk regimes of each
material.

The opposite cross sections, likewise, were ground
to a 4000 grit surface finish and then polished to a
1 um surface finish using diamond pastes and then
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Table 1 Powder compositions

supplied by TLS Technik Element (wt%) Fe Cr Ni Mo Mn Si C Nb
Inconel 625 0.33 21.5 Bal 9.1 0.42 0.45 0.001 3.62
SS 316L Bal 16.6 11.5 2.2 0.9 0.6 0.02 -

Table 2 Printing parameters used in test matrix

Parameter Condition

Laser Power (W)
Laser focus/diameter

1200,1400,1600,1800,2000
2 mm

800 mm/min

0.44 mm

2 mm (50%)

3 rpm (~ 10 g/min)

Laser scan/traverse speed
Build Height

Hatch spacing

Powder supply rate

finished with colloidal silica suspension (OPS). These
cross sections were examined using a JEOL 7001F
FEG scanning electron microscope (SEM) with an
accelerating voltage of 30 keV and a working dis-
tance of 10 mm. All imaging was done using the
backscatter detector to attain a composition image.
Elemental mapping was collected using standard
energy-dispersive X-ray spectroscopy (EDS) tech-
niques. Ten elemental line scans were collected via
EDS across the weld zones to attain average compo-
sitional profiles of the interface for each sample.

To test the mechanical properties of each interface,
20 x 60 x 60 mm? test blocks were printed using the
same conditions as the test columns. The test blocks
were sectioned into 60-mm sub-size tensile bars via
wire cutting. The samples were tested using an
Instron Model 4505/5500R tensile frame with a 10 kIN
load cell and 0.02 strain rate. A minimum of seven
tensile bars were tested for each condition, and their
results were reported as stress—strain curves. Addi-
tionally, the average yield strength and ductility
results were collected for each build condition.

Results
Hardness profiles

Hardness profiles revealed that there were consistent
levels of hardness in the bulk regimes as shown in the
representative hardness profiles in Fig. 1a. In each

sample, the hardness decreased rapidly at the inter-
face as it transitioned from the Inconel to the stainless
steel side. The profiles were staggered to show that
the transition zone lengthened with the increase in
laser power. These hardness profiles were then used
to establish the relationship between bulk hardness
and laser power as shown in Fig. 2b. It can be seen
that the average microhardness of the bulk INC 625
was 260 & 13 HV, while the bulk SS 316L was
157 £ 5 HV. It was seen that with increasing laser
power, the bulk hardness of INC 625 dropped from
272 + 14 HV at 1200 W to 233 £+ 11 HV at 2000 W.
The bulk hardness of SS 316L decreased similarly
from 172 4+ 9 HV at 1200 W to 144 £+ 8 HV at 2000 W.
This decrease in hardness is unsurprising as
increased laser power would result in larger melt
pool dimensions, prolonged solidification times and
therefore larger grain sizes. Increased laser power
also resulted in greater shape deformation at the top
of the columns.

Microstructural characterisation

Each interface was assessed by SEM, revealing a
functionally graded interface. Backscatter electron
(BSE) imaging in Fig. 2 of a cross-sectioned sample
produced at 1200 W reveals characteristic features
found in each interface. In each build, it was seen that
the produced microstructure was very dense and
minimal porosity was found, even at high magnifi-
cation. The interface was marked by high contrast
between the Inconel and stainless steel sides, espe-
cially across the first dissimilar layer. As labelled
Fig. 2a, the individual melt pools can be clearly seen
via BSE imaging. This allows for direct quantification
of the effect of the printing parameters on the
resulting weld size, layer thickness and bead overlap.
Typical layer designation is numbered from the first
dissimilar layer to the bulk area as shown in Fig. 2b.
The layers can be differentiated by the melt pool
boundaries.

@ Springer



13318 J Mater Sci (2020) 55:13314-13328
(3)320 ——1200 (b)300 = Inconel 625
3004 [ —— 1400 280 - % ® SS316L
! NNl T e
260 A ——2000] ~ 240 T
240 ! 220 I

Hardness (HV)

140 (Staggered) \

120 :
6 100% Inconel Bl VWeld Zone 100% SS316L
T

0 5 10 15 20 25
Build Height (mm)

|
|
I
|
I
Interfaces |
I
I
|
1

Figure 1 Effect of laser power on hardness of Inconel 625 and
Stainless Steel 316L bonded via DED: a Staggered average
microhardness line profiles across weld interface for each laser
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Figure 2 Inconel 625 and stainless steel interface fabricated via DED, BSE imaging of interface produced with 1200 W: a Key interface

characteristics, b Layer designation.

Compositional distribution
across dissimilar metal interface

Energy-dispersive X-ray spectroscopy mapping
revealed the elemental distribution across each weld
with minimal elemental diffusion across the melt
pool boundaries, see Fig. 3. The melt pools were
marked by distinct rings of Ni-rich regions around
the bottom edges of the Fe-rich melt pools, which can
be understood by mass transport of remelted Inconel
that deposited around the edges of the molten SS
316L pool. This is similar to the wicking effect seen in
welding which was reported when stainless steel
316L was deposited onto Inconel 690 [24]. It is worth
noting that this wicking effect was not seen in the
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reverse build (both reported and studied). Although
the origins of wicking have not been thoroughly
characterised to date, the effect can be rationalised by
noting the difference in melting temperatures
between stainless steel 316L (1375-1440 °C) and
Inconel (1290-1350 °C) [25] resulting in partial melt-
ing and capillary action along the melt pool bound-
ary. Each layer is partially ablated as deposition of
the subsequent layer induces remelting and mixing.
Due to the use of a bidirectional scan pattern, one
would expect to see an alternating grain morphology
in the build direction. However, it was observed that
the perpendicular scanning direction layer (vertical
to the page) was fully consumed by the primary
scanning direction (through the page). The dominant
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Figure 3 Compositional mapping of Fe and Ni across the initial dissimilar melt interface of 3D-printed stainless steel 316L onto Inconel
625 at 1400 W showing the wicking effect along the edges of the melt pools.

scanning direction seen depends on the section plane
taken, suggesting that a grain memory texturing
effect dominates epitaxial growth locally in a two-
layer (~ 0.9 mm) area.

Compositional maps were collected across the
interface of each sample for the laser power range.
Each map revealed distinct layers that gradually
transitioned from the bulk to bulk as demonstrated in
Fig. 4a. The first layer is representative of the bulk
Inconel 625 with every subsequent layer being a layer
in the transition zone. Typical EDS line profiles across
the interface printed at 2000 W are shown in Fig. 4b,
indicating that each layer (~ 0.9 mm) had a charac-
teristic elemental composition forming a stepwise
functional gradient. Abnormities in each local layer
were the result of the measured wicking. In subse-
quent layers, the wicking effect becomes less pro-
nounced in its frequency and composition difference
to the measured local bulk.

Mechanical behaviour

Tensile testing was conducted across the interface to
test the mechanical response of the bond. Typical
stress—strain curves for each laser power are shown
in Fig. 5a: each condition measured responded simi-
larly to a typical single material test, with a linear
yield regime. After plastic deformation commenced,
each condition experienced strain hardening up to
the UTS and quick subsequent failure. Tensile testing
revealed that the interface had an average yield
strength of 398 4+ 33 MPa and UTS levels of
564 + 31 MPa (Fig. 5b) across the laser powers used.
These properties are higher than those typically
found in wrought 316L [25]. Ductility at maximum
load had high levels of variance and averaged
10-15% which was much lower than that typical of
wrought 316L [25]. For each laser power tested, there
was limited variance in yield stress and UTS, but
higher levels of variance of the strain measured at
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Figure 4 Compositional mapping and line profiles revealing a boundary representing the interface between the bulk Inconel 625
distinct functional gradient formed with 2000 W laser deposition: and the weld zone, b Fe distribution, ¢ Typical compositional line
a Interface imaging with layer designation, with the layer 1 and 2 profile and d Ni Distribution.
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Figure 5 Results of mechanical testing across interface: a Representative tensile curves for each laser power (W), b Influence of laser
power on the mechanical properties across the interface.

fracture. There was a slight, nonlinear, negative trend the 2000 W condition. There was no meaningful
between increased laser power and yield strength trend between laser power and ductility. Each tensile
and UTS. The yield and UTS measured for the specimen showed preferential deformation and
1400 W condition were the highest, but the lowest for =~ uneven necking, favouring the stainless steel side of
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the interface: the stainless steel side formed strain
striations from the necking region to the end of the
gauge, while the Inconel side underwent less neck-
ing. Fracture typically occurred at the interface on the
stainless steel side in the layers that contained bulk
compositions comparable to stainless steel 316L.

Discussion
Effect of energy input on interface evolution

For each condition, the average interface/gradient
length was measured by measuring the distance
between the bulk composition of the Inconel 625 and
the bulk composition of the stainless steel 316L. These
measurements were taken from both the Fe and Ni
concentration, the two primary exchange elements at
the interface. The average interface length was mea-
sured and plotted against laser power as shown in
Fig. 6.

The dilution of the Inconel composition layer to
layer is affected by the fraction of the previous layer
that is remelted and mixed with pure stainless 316L
in the melt pool during deposition. This fraction was
calculated by taking the marginal change in Ni and
Fe concentration and calculating a mass balance
between the composition of the previous layer and
the material being deposited (Cp). The calculation of
the remelted layer solute fraction (RLS) is reduced to
the following:

—a— RLS Fraction —s— Gradient Length
4000 Y . . . . 1.0

3500 |
. /-—//"/% 0.8
—~ 3000 - T
= e g c
= 2500 % /../} 7 o6 5
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Figure 6 Influence of laser power on the length of the measured
gradient zone and on the remelted layer solute fraction.
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Ci—Cp

RLS= ——— 1
Ci-1 —Cp m

It was seen that there was a decaying positive
correlation between the increase in laser power and
increase in interface length: as the laser power
increased above 1600 W, its influence on the mea-
sured interface length diminished. At lower power
levels, increasing laser power can result in higher
build rates [26] due to the energy input in well below
the required energy threshold to melt the amount of
powder supplied to the laser. At higher power ran-
ges, when the supplied energy input exceeds the
threshold requirement, the build height will not
increase, while the melt pool will continue to grow in
length, width [26-28] and depth [17]. More impor-
tantly, it has been reported that the dilution fraction
exponentially grows with the increase in laser power
[28]. This results in an increased amount of remelting
of the pervious layer later resulting in an increase in
the RLS fraction leading to a more gradual transition
between the bulk compositions at the interface. As
expected, the RLS fraction had a positive correlation
with laser power but dropped off after 1800 W pos-
sibly due to laser attenuation.

Effect of microstructure on mechanical
response

As mentioned previously, increasing laser power
results in an increase of the length of the interface.
However, it was noted that these changes to the
length of the interface had no substantial effect on the
mechanical response as shown in Fig. 5b. In general,
the average measured yield strength (398 + 33 MPa)
and UTS (564 + 31 MPa) were superior to pure
stainless steel 316L in the wrought (170 and 485 Mpa,
respectively) [25] and the cast equivalent, SA-351
CF3M, (205 and 482 MPa, respectively) [29] and
comparable to other studies of DED-fabricated 316L
[30-32]. The mechanical properties achieved were
comparable with other attempts to weld Inconel and
stainless steel: Devendranath Ramkumar et al. [20]
explored the use of different filler materials using
continuous tungsten arc welding
(CCGTAW) and pulsed current gas tungsten arc
welding (PCGTAW) techniques to combine 316L
with Inconel 718. Their best results were achieved
using CCGTA welding and ERNiCu-7 achieving a
yield and tensile strength of 346 and 624 MPa,

current gas
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respectively [20]. Zhang et al. showed recently with
the use of premixed powders joined 316L and Inconel
625 with the use of low power DED. They were
successfully able to achieve a yield strength of 405.6
MPa and a UTS 605.7 MPa. Similarly, necking and
fracture occurred in the stainless regime of the joint
[33]. Increasing laser power had little impact on
ductility resulting in values between 10 and 15%
which were much lower than that found in pure 316L
wrought (40%) [25] and cast SA-351 CE3M (30%) [29]
and lower than that achieved with DED by Zhang
et al. (43%) [33].

Intermetallic formation

Embrittlement in welding stainless and Inconel alloys
together is often blamed on brittle intermetallics
formed in the interface during welding. With the
addition of Fe content in the transition layers, the
solubility of Mo and Nb decreased within the -
austenite matrix [34, 35], increasing the susceptibility
of the formation of detrimental phases such as Laves
phase (Fe;Nb) and NbC carbides [36, 37]. Despite the
rapid solidification process, the interface was not free
of segregation: high-resolution investigation of the
microstructures revealed the formation of Nb- and
Mo-rich precipitates. BSE imaging of the second layer
of the transition at 2000 W in Fig. 7 revealed exten-
sive segregation of the Nb and Mo from the Fe-rich y-
austenite matrix to form cell structures. There was no

J Mater Sci (2020) 55:13314-13328

distinct distribution of Ni and Cr, suggesting that
phases formed were primarily y”-NizNb enriched
with Mo.

Site of tensile failure

To correlate the reduction in ductility to the local
microstructure, sections normal to the fracture loca-
tion were taken to observe its relation to the transi-
tion. It was found that the location of fracture
occurred in the sixth—tenth layer of the transition,
well into the bulk regime confirmed by bulk EDS
measurements made just below the fracture area
shown in Fig. 8. Furthermore, microscopy revealed a
low density of y” precipitates in the area below the
fracture area with no signs of Cr enrichment. The
fracture was jagged in nature jogging as much as
1 mm in vertical variance. The location of fracture
suggested that embrittlement could not be attributed
to intermetallic formation.

Investigation of the fracture surfaces from the
tensile specimens taken from across the interface
revealed a mixed mode fracture as shown in Fig. 9.
The fracture area was divided by macro-scale cleav-
age cracks varying in size and direction. Between the
cracks, large areas with characteristic, ductile non-
homogenous dimples were found as shown in
Fig. 9b. The dimples varied in size with a few as large
as 5 pm, while the majority were smaller than 1 pm
in size corresponding with the size of the micro-voids

Figure 7 High magnification compositional mapping of layer #2 printed at 2000 W revealing Nb—Mo-rich segregation from Fe-rich

solute.
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Figure 8 Location of fracture with respect to the interface on a pulled tensile specimen from a printed sample printed at 2000 W. Fracture

typically traversed layers 610, in areas with bulk compositions near stainless steel 316L.

typical of the DED printing process (Fig. 7). The
ductile areas ended at the edges of the cracks marked
by a thin boundary of quasi-cleavage surfaces. The
fracture surface inside the cracks was transgranular
in nature with small nodes. As shown in Fig. 10, the
cracks had a groove-like morphology parallel to the
crack plane and the build direction.

Grain morphology

Inspection of the grain morphology across the
Inconel-stainless steel interface revealed a bi-modal
grain size distribution as shown in Fig. 11. Despite
elemental segregation showing distinct layers, large
columnar grains, millimetres in size, formed across
several layers of deposition on an angle to the build
direction. Many of the large grains had sharp kinks
which turned in direction, suggesting some thermal
epitaxy effects on grain growth. Surrounding the
large columnar grains were small micron-sized
grains. This highly, bi-modal grain structure would
have direct effects on the ductility and the mixed
fracture mode of the interface. Large columnar
growth could be mitigated through manipulation of
the scan strategy, the addition of inoculants elements

[38, 39] and increasing layer dwell time [30, 40]. In
some of the samples, a few solidification cracks were
observed at the end of the transition zone in the near
bulk stainless steel zone, which could have also
attributed to premature fracture as they would act as
stress concentrators, reducing the maximum achiev-
able UTS and strain at fracture.

Conclusions

The study herein explored the use of melt pool mix-
ing to create a functional gradient between Inconel
625 and stainless steel 316L. The main conclusions are
summarised below:

Deposited layers consisted of a mixture of the
previous (underlying) layer that was remelted and
mixed via the melt pool of deposited 316L stainless
steel. The fraction of the remelted layer solute (RLS)
was as high as ~65%, at higher laser power levels. At
the edge of the melt pools, there was evidence of
limited diffusion (mass transport) in the form of
wicking, indicating that the extent of melt pool mix-
ing is highly related to the temperature of the melt
pool and the location of its isotherms.

@ Springer



13324

L WP \&7\' "i\

. J Mater Sci (2020) 55:13314-13328

1mm

Transgranular Fracture Ductile Dimples

¥
X ’

Figure 9 a Fracture surface of pulled tensile specimen taken through the Inconel-stainless interface of a sample printed with 2000 W.
b High magnification imaging of fracture across the boundary between ductile regions and brittle macro-scaled cracks.

Melt pool mixing resulted in the formation of
compositionally graded interfaces, in which each
deposited layer possessed a local composition, cre-
ating a stepwise compositional gradient. Variances in
the composition profiles were attributed to wicking.

The remelted layer solute fraction could be calcu-
lated from the intermediate changes in composition
between layers. The remelted layer solute fraction
was consistent across the interface and could be
manipulated by changing laser power.

Increasing the laser power in the DED process from
1200 to 2000 W resulted in the widening of the
compositional gradient up to 3.5 mm. The combina-
tion of increased layer height and RLS fraction

@ Springer

resulted in gradual, wider compositional gradients,
but had no major effect on the mechanical properties.

The through-thickness mechanical properties of the
interface were higher than recorded values for
wrought stainless steel 316L in terms of yield
strength and UTS. However, the interface suffered
from embrittlement with significantly lower ductility
than that typical of wrought stainless 316L.

The formation of 7" -NizNb precipitates enriched
with Mo was found in the compositional transition
zone, with the highest )" density in regions where the
fraction between stainless steel and Inconel was
approximately 50-50. With increasing Fe content, the
extent of segregation of Nb and Mo increased; how-
ever, ductility loss was not correlated with "
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Figure 10 Characteristic features in fracture surface: a Groove-like morphology of the macro-scaled cracks, b Ruptured void aiding in

crack formation.

Figure 11 Grain morphology 100% Ni

100% Fe

montage taken across Inconel—
stainless steel interface for a

sample printed with a laser
power of 2000 W showing the
bi-modal grain size
distribution.

precipitation as fracture sites were located in near the
bulk stainless side of the interface where the precip-
itation density was lowest.

The tensile fracture mode as determined following
tensile testing was so-called ‘mixed’, with large areas
of homogenous ductile dimpling divided by macro-

Build Direction

scale cracks revealing transgranular fracture surfaces.
The areas between the ductile dimpling and trans-
granular fracture were marked with a thin boundary
of quasi-cleavage. Cracks were jagged with some
evidence of void rupture, possibly due to pre-existing
solidification cracks.

@ Springer



13326

The grain morphology of the interface was bi-
modal in nature with large columnar grains on the
order of millimetres in size that crossed several
deposition layers despite the change in composition
and time-distinct melting, and solidification. Colum-
nar grains grew on an angle to build direction and
had several sharp jogs indicating epitaxial influences.
Surrounding the columnar grains were smaller
micron-sized, equiaxed grains. This bi-modal grain
structure is attributed to the mixed mode fracture
and responsible for the reduction in ductility.
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