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ABSTRACT

This article presents the Laser Beam Direct Energy Deposition (DED-LB) process as a method to build a
graded austenitic-to-martensitic steel junction.

Builds were obtained by varying the ratio of the two powders during DED-LB processing. Samples with
gradual transitions were successfully obtained using a high dilution rate from one layer to the next. Long
austenitic grains are observed on the 316L side while martensitic grains are observed on the Fe-9Cr-1Mo
side. In the transition zone the microstructure is mainly martensitic.

Characterisations performed after building and after a tempering heat treatment at 630°C for 8h were
compared to dissimilar Electron Beam (EB) welds. Before heat treatment the DED-LB graded area has
high hardness (values of around 430 HV) due to fresh martensite formed during building. Tempering heat
treatment reduces this hardness to 300 HV.

EDS measurements indicate that the chemical gradient between 316L and Fe-9Cr-1Mo obtained by DED-
LB is smoother than the chemical change obtained in EB welds. Microstructures in DED-LB are quite
different from those obtained by EB welding. Hardness values in DED-LB samples and in welds are
similar; the weld metal and the Fe-9Cr-1Mo heat-affected zone are relatively hard after welding because
of fresh martensite, as found in the DED-LB transition zone; both are softened by tempering heat
treatment.

Tensile tests show that DED-LB samples and EB welds have similar behaviour with failure in 316L base
metal at 20°C and 400°C and failure in Fe-9Cr-1Mo base metal at 550°C. DED-LB samples have
comparable mechanical properties to EB welds.

Keywords: gradient material, 316L, Fe-9Cr-1Mo, additive manufacturing, mechanical properties, electron
beam welding

1. INTRODUCTION

Dissimilar junctions between austenitic stainless steels and martensitic steels are used in many
applications. Examples of such heterogeneous junctions can be found in the nuclear industry where it is
required to join 316L and Fe-9Cr-1Mo steel parts. Usually, such junctions are performed by Tungsten Inert
Gas (TIG) welding using an Inconel type filling metal. As explained by Pandey et al. [1], this process
requires preheating before welding to avoid cold cracking and post-welding heat treatments to temper the
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martensite on Fe-9Cr-1Mo side. These heat treatments allow to obtain the required mechanical properties
and especially a good toughness, as shown by Sireesha et al.[2].

Casalino et al. [3] demonstrate the feasibility of using hybrid laser/TIG welding as an alternative process to
TIG welding. Yano et al. [4] also demonstrate the possibility of using an Electron Beam (EB) welding
process to join a ferritic/martensitic steel with a 316L austenitic steel.

The use of chemical composition gradient materials obtained by powder metallurgy is another way to
simplify this assembly step. Whether by "conventional" powder metallurgy or additive manufacturing, it is
possible to consider the construction of a coupling sleeve which forms a connecting part between the two
steels. Additive manufacturing is an attractive process as it opens up the design to new parts with complex
geometry and specific functionality. The chemical composition of this connection will gradually change
from 316L to Fe-9Cr-1Mo, allowing homogeneous welding at each end to simplify the assembly step. The
coefficient of thermal expansion will change gradually through the graded part thereby reducing the
mismatch between the two as shown by Sridharan et al. [5]. The reduction of this mismatch allows to
reduce the residual stress trough the connector as observed by Woo et al. [6]. Zuback et al. [7]
demonstrate also that the chemical gradient through the connector allows a gradual change in the carbon
chemical potential, instead of step change, which can slow carbon diffusion from Fe-9Cr-1Mo to 316L and
extend the lifetime of the connection.

Usually, additive manufacturing techniques are used for their superior freedom for shape. In this work it is
rather the possibility of changing the material and eventually mixing two alloys during the construction that
is investigated. This technique has already been used by some authors such as Yan et al. [8] to build
graded parts and join a variety of different materials successfully. Austenitic steel to ferritic/martensitic
steel gradient materials have also been built by direct energy deposition and characterized by Sridharan et
al. [5]. The present paper presents another practical case studying a 316L/Fe-9Cr-1Mo graded material
obtained by DED-LB with a high dilution rate from one layer to the next affording a smooth gradient. The
effect of a martensite tempering heat treatment at 630°C for 8h is also investigated.

For comparison, a dissimilar Electron Beam (EB) weld was also performed to join the same two materials.
This technique involves high energy density and narrow heat affected zone [9-11], hence minimizes
distortion, which could be favourable for the welding of martensitic steels [12,13]. EB welding and DED-LB
additive manufacturing have in particular close cooling rates, which makes the comparison interesting. In
order to make a quantitative comparison, both as welded and heat treated samples were characterised in
terms of microstructure and mechanical properties at room temperature, at 400°C and 550°C.

2. MATERIALS AND METHODS

Graded material samples were obtained using 316L and Fe-9Cr-1Mo pre-alloyed steel powders. Chemical
composition and size distribution of powders used are given in Table 1. Samples were gas atomised
powders with spherical particles.

Composition - supplier C Cr Ni Mo Mn Si N Dio (um) Dso (um) Dgg(um)
(wt%)
316L Erasteel 9016 17.7 126 233 029 058 0.08 57 78 108
Nanoval
Fe-9Cr-1Mo val 010 93 022 104 048 028 0.004 10 30 65

Table 1: Chemical Composition, suppliers and size distribution of 316L and Fe-9Cr-1Mo powders.

Samples were obtained using the Laser Beam Direct Energy Deposition (DED-LB) process with two
powder feeders enabling powder change during building (Figure 1). In this process, the powder is carried
from the powder feeders to the constructed part by a carrying gas (argon here). It is possible to control the
composition of the deposited layer by controlling the flow of each powder feeders. In this study, Fe-9Cr-
1Mo was built over 316L by changing directly from one powder to another without mixing powder in
between. Parameters used for construction, listed in Table 2, were optimised for 316L and kept constant



during the building despite change of materials. Single tracks walls built with a back-and-forth strategy
were used.
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Figure 1: Operating scheme of the DED-LB process applied to the manufacture of gradient

materials.
Setup Optomec LENS 850 R
Laser power (P) 400 W
Scanning speed (v) 5 mm/s
Layer height 0.2 mm
Carrying/shielding gas Argon
Spot diameter (Dspot) 1.4 mm
316L powder feed rate 4 g/min
Fe-9Cr-1Mo powder feed rate 2 g/min
Energy density (P/v.Dspor) 57 J/mm2

Table 2: DED-LB building parameters

Heat treatments for martensite tempering were performed at 630°C for 8 h on DED-LB samples. Electron
Beam (EB) dissimilar welds were studied for comparison. EB welding conditions were: a focal point of
50 mm, welding speed of 2,000 mm/min and an acceleration voltage of 60 kV. EB welding was performed
on 5 mm thick plates with no nickel-base alloy filler. Post-weld heat treatment (PWHT) for all samples was
performed at 630°C for 8 h also.

For optical metallographic analysis, samples were polished and successively electro-etched in 10 vol%
oxalic acid to reveal the austenitic microstructure and etched with Villela reagent to reveal the martensitic
structure. Scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and electron
backscattered diffraction (EBSD) analyses were undertaken before the two-step etching. Two specimens
extracted from the same DED-LB sample were used to study the effect of the tempering heat treatment.
The same applies for EB welds.



Vickers microhardness was measured at a load of 100 g for EB welds and 50 g for DED-LB samples. The
space between two measurements was set to 100 um in the X and Y directions for DED-LB samples. This
affords a hardness map across the interface between the two materials. However, as the welded area is
much larger than the mixed area from additive manufacturing, this is why load used for measurements
were different and the space between the two indentations was set to 200 um in X direction and 500 pm in
Y direction for the EB welded samples.

After heat treatments, flat specimens with their graded area as well as with their weld located at the centre
of the gauge section were used for tensile tests. Tensile properties were measured at three temperatures:
20 °C, 400 °C and 550 °C. Stress was applied across the weld and the gradient direction (parallel to the
build direction for additive manufacturing) with a strain rate of 10-4s1. DED-LB samples were not surface
machined before the test so presented a rough surface. Microtomography with a voxel size of 7.5 pm was
used to characterize the gauge length as previously described by [14]. The mean gauge section was used
to plot tensile curves as the failure does not always occur in the thinnest part of thin specimens and the
nature of the material also determines the failure area, depending on the test temperature.

3. RESULTS: DED-LB GRADIENT MATERIAL

3.1 MICROSTRUCTURAL STUDY

Cross-sectional optical images of the 316L/Fe-9Cr-1Mo gradient sample after etching are presented in
Figure 2 (c) and (d). A continuous and coherent interface between the two materials is seen. No large
defects are observed in these samples with only a few pores. The 316L side is characterized by long
elongated grains lying in build direction (BD) (Figure 2 (b)) while the Fe-9Cr-1Mo side is martensitic
(Figure 2 (a) and (e)). Due to the parameters used the dilution rate from one layer to another is large at
around 80% (measured by metallography). Even if, after the last 316L layer, a 100% Fe-9Cr-1Mo powder
layer is deposited, the composition of that last deposited layer will be 80% of re-melted 316L + 20% of the
new Fe-9Cr-1Mo, assuming complete mixing of the two alloys in the melted pool. For this reason, a
smooth, graded area, not etched by any of the two etchants, is observed between 316L and Fe-9Cr-1Mo
in Figure 2 (c) and (d). The length of the unetched zone is around 1.5 mm.
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Figure 2: Optical micrographs after two-step etching of the as-built DED-LB sample (BD - build
direction, SD - scanning direction). In the BD plane, perpendicular to the SD - details of
(a) martensitic and (b) austenitic microstructures, (c) overview of the graded sample. In
both the BD and SD planes - (d) overview of the graded sample and details of (e) the
martensitic and (f) the austenitic microstructures.

Figure 3 and Figure 4 shows detail of the microstructure in the graded area. In Figure 3 (a) the 316L side
is fully austenitic with large grains crossing several melt pools and elongated in the thermal gradient
direction; the Fe-9Cr-1Mo side is fully martensitic. The EDS profile (Figure 3 (b)) shows that the chemical
gradient is actually larger than the unetched area in figure 1. According to the forescattered electron (FSE)
image and EDS profile (Figure 3 (a) and (b)), the first 300 um of the composition change is mainly
austenitic whereafter the microstructure becomes mainly martensitic. The EBSD map (Figure 4 (a) and
(b)) reveals a band of almost 100 um where the composition induces a mix between austenite and BCC
phase. The morphology of some of these centred cubic regions suggests that they may be ferritic rather
than martensitic. Distinguishing these two phases by EBSD is not easy and the BCC domains are
relatively small, so it is not possible to separate them here. However, the intermediate compositions
between 316L and Fe-9Cr-1Mo pass through the three-phase F+M+A zone of the Schaeffler diagram, so
it is possible to observe ferrite for these unusual compositions. Indeed, it is possible to maintain delta
ferrite from the high temperature domain in additive manufacturing, due to the very high cooling rate
undergone [15].



3 e 316L %CT

" *\va\/\wvv
14 f Cr
12 b v X
2ot "W,
8 D s A Fe-9Cr-1Mo %Cr
Fsf —~—
& Ni
a4t
2+
o X . \ .
0 500 1000 1500 2000
Distance (um)

Figure 3: Analysis of the graded area: (a) forescattered electron (FSE) image overview of the
microstructure and (b) corresponding EDS profile, (c) FSE image of the Fe-9Cr
martensitic microstructure, far from the graded area.
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Figure 4: (a) EBSD IPF map and (b) EBSD phase map at the interface between 316L and graded
area (1 pixel = 0.2 um). IPF map is projected parallel to the build direction (BD), 10° grain
boundaries are shown in black. (color figure)

EBSD maps of the graded transition before and after heat treatment are presented in Figure 5. Away from
the graded area the microstructure (SEM scale) of base metals is not modified by the heat treatment
(Figure 5 (a) and (c)). Cr and Ni composition profiles are not modified by this tempering heat treatment as
both temperature and duration are insufficient to allow homogenization of these elements [16]. In the
transition area the formation of an austenitic phase on the martensitic side and a ferritic phase at the grain
boundaries on the austenitic side are induced by heat treatment (Figure 5 (b) and (d)). The
austenitic/martensitic mixed area seems to be wider after heat treatment and the austenite formed on the
martensitic side is finer and more homogeneously distributed after heat treatment. These BCC domains
are also finer after heat treatment, this suggest that this area could be austenitized partially during the
heat treatment because its specific composition lowers Ae: and Aes in comparison with Fe-9Cr-1Mo.



As Built 630°C/8h

Graded area s

1

[001] o)

L

DS{

DF
Austenite
- (FCC)

Martensite
- (BCC)

Figure 5: Effect of the tempering heat treatment on microstructure: (a) IPF map and (b) phase map
as built and (c) IPF map and (d) phase map after 630°C/8h heat treatment. (color figure)

3.2 MECHANICAL PROPERTIES

3.2.1 Hardness

Changes in microstructure and alloy chemistry can lead to changes in mechanical properties. Vickers
microhardness tests were performed to evaluate these changes across the junction and assess the results
of heat treatment.

Figure 6 (b) and (c) show the microhardness maps obtained for DED-LB samples. Hardness on the 316L
side is around 220 HV, the usual hardness found in as-built 316L DED-LB samples, for example by Ma et
al. [17]. On the Fe-9Cr-1Mo side, the hardness is around 300 HV, a characteristic value of a slightly
tempered martensite. In the graded area hardness rises progressively in the austenitic part. This smooth
increase can be explained by the increase of carbon content coming from Fe-9Cr-1Mo steel. Hardness
then rises sharply to 430 HV when the microstructure becomes martensitic. Kim et al. [18] observed such
hardness changes in direct energy deposited graded materials. These high hardness values could be due
to chemical enrichment in alloying elements (such as Ni and Cr) of the martensite from the 316L in this
area in compared to the Fe-9Cr-1Mo steel. The fine and dispersed austenite/BCC phase mix observed
previously (Figure 5) also cause this hardness increase. After this peak, hardness progressively
decreases until the Fe-9Cr-1Mo value is reached.

Applying a 630°C/8 h tempering heat treatment to the graded parts reduces the hardness of the material
globally (Figure 6 (a)). On 316L and Fe-9Cr-1Mo sides, hardness is reduced to 200 and 210 HV,
respectively. Maximum hardness in the graded area is reduced to around 300 HV (Figure 6 (c)).
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Figure 6: Microhardness measurements for DED-LB sample across the graded area: (a) mean
hardness as a function of distance and corresponding hardness maps for the sample (a)
as built and (b) after 630°C/8h heat treatment. (color figure)

3.2.2 Tensile tests

Tensile tests were performed after heat treatment on both on EB welds and DED-LB samples to evaluate
mechanical properties of such junctions at a larger scale. Tensile test in EB base metal were also
performed for comparison (Table 3). Flat specimens with their graded area as well as with their weld
located at the centre of the gauge section were used for tensile tests. Tensile properties were measured at
three temperatures: 20 °C, 400 °C and 550 °C. Stress was applied across the weld and the gradient
direction (parallel to the build direction for additive manufacturing) with a strain rate of 104s1. Average
gauge section determined by microtomography was used to plot the tensile stress-strain curves for DED-
LB in Figure 7. Each tensile test was performed one time.

For all tests failure never occurred in the weld area nor in the graded area and the global tensile behaviors
looked similar. At room temperature and at 400°C failure occurred in 316L base metal both in EB welds
and DED-LB samples.
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Figure 7: Tensile stress-strain curves for EB welds (dotted) and DED-LB transitions (solid) after
630°C/8h heat treatment at three test temperatures: 20°C (blue), 400°C (yellow) and
550°C (red).

For these temperatures, DED-LB samples showed yield strength and ultimate tensile strength slightly
higher than EB welds, while the elongation was almost equal. At 550°C DED-LB samples and EB welds
had similar properties with a failure in the Fe-9Cr-1Mo base metal. Such change in failure location with
temperature is quite common in austenitic/martensitic welded assemblies, it has been observed for
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example by Yano et al. [4]. At room temperature and 400 °C the yield strength and ultimate tensile
strength of 316L are usually lower than those of Fe-9Cr-1Mo so strain is mainly on the 316L side (Table
3). At 550°C Fe-9Cr-1Mo strengths were lower and closer to those of 316L; strain was homogeneous and
failure occurred in Fe-9Cr-1Mo as it is less ductile.

YS (MPa) UTS (MPa) Total elongation %
20°C | 400°C | 550°C | 20°C | 400°C | 550°C | 20°C | 400°C | 550°C
316L 303 176 153 614 447 412 91.8 52,7 58.7
Fe-9Cr-1Mo 562 453 397 698 558 419 25.9 18,5 24.8
DED-LB gradient 420 346 287 610 478 357 23 18 23
EB weld 330 204 189 647 459 402 43.6 19.1 24.7

Table 3: DED-LB gradient and EB weld mechanical properties compared to base materials

4. DISCUSSION: COMPARISON WITH EB WELD

4.1 MICROSTRUCTURE

Microstructural characterization of EB welds was performed for comparison with DED-LB transitions. The
starting materials have the same compositions but different forms. For DED-LB, steel powder was used,
for EB welding laminated sheets were used. In EB welds, only the weld area is melted at the junction
which means 316L and Fe-9Cr-1Mo sides away from the junction present typical equiaxed microstructure
of laminated and heat treated sheets.

Figure 8 (a) presents an overview of the EB weld. This microstructure can be divided into several areas.

- On each side are the two base metals (BM), the austenitic side with some delta ferrite
corresponding to 316L stainless steel and the tempered martensitic microstructure of the Fe-9Cr-
1Mo side.

- The welded metal in the middle is the area where the molten metal is mixed during welding.

- Two heat-affected zones (HAZ) surround the welded metal where the microstructure is changed
by thermal input during welding but the metal is not melted.

Large EBSD maps and EDS scans presented in Figure 8 (b)-(e) demonstrate that weld metal is mainly
martensitic with few austenitic areas. Weld metal composition obtained by EDS is 13% Cr and 6% Ni
corresponding to a 50/50 mix (approx.) between 316L and Fe-9Cr-1Mo.

At the interface between weld metal and 316L HAZ (Figure 8 (b)) martensitic and austenitic strips can be
observed (indicated by an arrow). In the austenitic strips chemical composition is equivalent to 316L, while
martensitic strips have a composition closer to the weld metal containing less Ni and Cr than 316L (Figure
8 (c)). This unmixing at the weld metal/HAZ boundary is not usually observed in dissimilar welds, for
example Abburi Venkata et al. [19] did not highlight any such phenomenon in their observations. The high
speed used in EB welding can be responsible for instabilities of the melt pool during welding leading to
unmixed areas after cooling. The weld metal/Fe-9Cr-1Mo HAZ boundary (Figure 8 (d)) does not present
similar austenitic and martensitic strips; segregations observed on the EDS profile (Figure 8 (e)) are not
important enough to promote austenite formation.

10



Mass %

10

I Austenite (FCC)
I Martensite (BCC)

10 Cr

N
\

Ni
Ni

200 400 600 800 1000

1700 1900 2100 2300 2500 2700 2900 3100 3300 3500
distance (um)

distance (um)

Figure 8: For an EB weld (a) large SEM BSE image, (b) EBSD phase map on 316L side showing
martensitic strips (bold arrow), (c) EDS profile along the white dashed line in (b), (d)
EBSD phase map on Fe-9Cr-1Mo side and (e) the EDS profile along dashed line. For
EBSD maps, 1 pixel = 1.13 um, 10° grain boundaries in black. (color figure)

A more precise EBSD phase map of the 316L HAZ is shown in Figure 9. As 316L is already austenitic at
room temperature only grain growth and formation of delta ferrite islands is observed in the HAZ (Figure 9

(a)). The only major change provoked by the 630°C/8h heat treatment is the reduction of delta ferrite in
the HAZ from ~2.5 % to ~0.78 % (Figure 9(b)).
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Figure 9: Detail of the 316L HAZ, EBSD phase map (a) as welded and (b) after 630°C/8h heat
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The EBSD maps in Figure 10 show the mixed area between austenite and martensite in the weld metal.
EBSD observations in this area should interpreted with caution because of the large heterogeneity that
can occur due to the welding process. It is interesting to note that, in comparison, the DED-LB graded
area seems to be fully martensitic apart from a small two-phase area. For this weld metal composition, the
Schaeffler diagram predicts a tri-phased microstructure with austenite, ferrite and martensite. Such
microstructure has already been observed by Abburi Venkata et al. [19]. In this area, heat treatment does
not affect the very fine lath morphology of martensite. In the weld metal, austenite content seems to
increase after heat treatment (Figure 10 (c)), this was also observed in the DED-LB graded area. Such an
increase in austenite content due to heat treatment has been reported previously by Liu et al. [20].
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[001] [011]

Figure 10: Weld metal in EB welds: (a) phase and (b) IPF EBSD maps as welded and (c) phase and
(d) IPF maps after a 630°C/8h heat treatment, emphasizing the formation of austenite in
weld metal. (1 pixel = 0.1 um, 10° grain boundaries in black). (color figure)

Due to the martensite to austenite phase transformation during welding, changes in microstructure occur
on the Fe-9Cr-1Mo side. Figure 11 (a) shows a view of the Fe-9Cr-1Mo HAZ after welding. This HAZ can
be divided in two areas: a coarse grain HAZ (CGHAZ) near the weld metal and a fine grain HAZ (FGHAZ)
further from the weld. Average grain diameters are as follows: D (CGHAZ) = 14.8 um, D (FGHAZ) =
6.3 um and D (Fe-9Cr-1Mo BM) = 10.8 pum. This microstructure is typical of a martensitic HAZ [21]. Heat
treatment does not affect the microstructure at this scale and grain sizes are comparable before and after

12



heat treatment Figure 11 (b) and (c). The main effect of the heat treatment in this area is decreasing the
hardness due to martensite tempering (discussed in the next section).
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Figure 11: EBSD IPF maps of the Fe-9Cr-1Mo HAZ (1 pixel = 0.1 um): (a) large view of the as welded
(AW) Fe-9Cr-1Mo HAZ showing the CGHAZ and the FGHAZ. Detail of the FGHAZ (b) as
welded and (c) after 630°C/8h heat treatment. (color figure)

Figure 12 summarizes in schematic form the differences and similarities induced on microstructures by
heat treatment on EB welds (Figure 12 (a) and (b)) and DED-LB transitions (Figure 12 (c) and (d)). In
DED-LB, delta ferrite was not observed on the 316L side unlike in EB welds. Depending on build
parameters, for example with a lower energy density, as experienced by Guo et al. [22], it is possible to
observe delta ferrite from such a process. The DED-LB mixed area is mainly martensitic with a thin
austenitic/martensitic strip. Weld metal is also mainly martensitic with few austenitic areas. At the interface
between austenite and martensite some unmixed areas remain both in DED-LB transitions and EB welds.
On the Fe-9Cr-1Mo side DED-LB and EB welds are fully martensitic. A smoother chemical gradient is
observed in DED-LB samples; as demonstrated by Zuback et al. [23], this can slow down carbon diffusion
across the sample and improve ageing resistance. It is also possible to control this gradient in DED-LB by
controlling the build parameters.

Applying heat treatment to DED-LB gradients leads to austenite formation in the graded area as it does for
EB weld metal (Figure 12).
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Figure 12: Schematic comparison of microstructure evolution for EB welds (a) before and (b) after
630°C/8 h heat treatment and for the DED-LB transition zone (c) before and (d) after heat
treatment. (color figure)

4.2 MECHANICAL PROPERTIES

The hardness changes observed in DED-LB gradient materials are also observed in EB welds (Figure 13).
EB weld’'s base material hardnesses are around 150 HV for 316L and 230 HV for Fe-9Cr-1Mo (Figure 13
(a)). After welding, weld metal hardness is around 350 HV. Soft areas in weld metal correspond to
austenitic areas. The higher hardness values (around 400 HV) are reached in the Fe-9Cr-1Mo HAZ due to
formation of fresh martensite in the HAZ during welding. Such hardness variations are the usual
observations for austenitic/martensitic dissimilar welds, it is for example observed by Albert et al. [12].
After heat treatment (Figure 13 (b)) hardness in the Fe-9Cr-1Mo HAZ and in the weld metal is reduced
due to martensite tempering. As in the DED-LB graded area, weld metal hardness remains above 300 HV
after heat treatment but with some soft austenitic areas.

14



HV0.1 hardness

400

350

4300

250

200

150

400

350 f

(a) . Fe-9Cr-1Mo

630°C/8h

-40 20 0.0 20 40
Distance (mm)

L'0AH SSeupieH

Fe-9Cr-1Mo
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5. CONCLUSION

This paper characterizes a DED-LB junction between 316L and Fe-9Cr-1Mo steels and compares results
obtained with those from EB welds.

Comparison of EDS profiles obtained across DED-LB junctions and EB welds reveal composition changes
with DED-LB can be more gradual than in EB welds. Furthermore, it is possible to control the width of the
graded area in DED-LB.

Microstructural study before heat treatment reveals that the DED-LB 316L side is fully austenitic whereas
the weld’s 316L base metal contains few percent of delta ferrite. Some unmixed areas resulting in
austenitic and martensitic strips are observed in EB welds at the interface between 316L and the weld
metal. Such unmixed strips are also observed in DED-LB junctions.

Weld metal and mixed areas are mainly martensitic. Weld metal in EB welds contains few austenitic areas
in contrast to the thin area at the austenitic/martensitic transition of DED-LB graded samples. In DED-LB
graded area, the microstructure changes suddenly from austenite to martensite. This result highlights the
composition at which Ms becomes lower than room temperature because of the composition change.
Besides, even if the change of microstructure is not very gradual, such chemically graded part could be
interesting because its gradual change in chemistry is able to slow down element’s diffusion during
thermal ageing [7].

DED-LB Fe-9Cr-1Mo is fully martensitic with a uniform microstructure both close to and far from the
gradient area. In EB welds Fe-9Cr-1Mo, microstructure is divided into three regions, depending on the
distance from the weld: the CGHAZ close to the weld, the FGHAZ and the base metal which is not
affected by the welding process.

Microhardness maps reveal 316L and Fe-9Cr-1Mo values far from the junction to be harder in DED-LB
materials than in heat treated and laminated plates used for EB welds. Hardness of EB weld metal attains
values of 350 HV, with the highest hardness values in the Fe-9Cr-1Mo HAZ. Weld metal contains some
softer areas which are austenitic. By contrast, hardness in the DED-LB graded area can reach 430 HV.

Hardness in EB weld metal and Fe-9Cr-1Mo HAZ is reduced after heat treatment, as it is for the DED-LB
mixed area and for the Fe-9Cr-1Mo side. SEM microstructure analysis shows a decrease in the amount of
delta ferrite formed on the 316L side in EB welds and formation of austenite islands in the martensitic
microstructure in the EB weld metal and DED-LB graded area following heat treatment.

Tensile tests show it is possible to obtain mechanical properties from DED-LB comparable to those from
EB welding. Samples from both typically exhibit failure in 316L base metal at 20°C and 400°C and failure
in Fe-9Cr-1Mo base metal at 550°C.

This study highlights the great interest in DED-LB as a versatile process to induce composition-graded
steel with tailored microstructure and local properties in the graded area.
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