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Abstract

Background Stainless Steel Dissimilar Metal Welds (SS DMW) between low-alloy steel 18MNDS5 and austenitic 316L.
stainless steel are critical junctions in the currently operating reactors because of their heterogeneous microstructure and
mechanical properties. The presence of a narrow hard layer of carburized martensite and austenite in the ferritic-austenitic
interface creates an important hardness gradient which affects the crack behavior of the SS DMW.

Objective In order to evaluate the plastic properties of this hard layer, a micro tensile testing method was developed.

Methods Tensile specimens of 15 x 80 x 6 um were extracted from the martensitic and carburized austenitic layers by
focused ion beam (FIB) micro-processing and tested using an in-situ tensile testing device. A platinum FIB deposition was
used to measure local strain in the specimen during the test through digital image correlation (DIC). Isotropic elasto-plastic
constitutive laws for the martensite and carburized austenite were obtained from the true strain-stress curves calculated from
the micro-tensile tests.

Results It was found that the corresponding plastic properties were in a good agreement with nanoindentation measurements
and with values obtained from macroscopic tensile tests on crossweld specimens machined perpendicularly to the
ferritic-austenitic interface and characterized using laser beam local diameter measurements.

Conclusions [In-situ tensile testing is a promising technique for plastic behavior characterization of small scale materials and
local hard layers in dissimilar metal welds.

Keywords Dissimilar metal welds - Martensite - Carburized austenite - Plastic properties - Micro-tensile testing

Introduction heterogeneous microstructure, mechanical properties [1-3]

and the existence of residual stresses [4], these components

Stainless Steel Dissimilar Metal Welds (SS DMW) between
low-alloy steel 18MNDS5(~A533) and austenitic 316L
stainless steel are widely used within the French nuclear
power plants, where they connect the main components to
the primary circuit pipes (Fig. 1(a)). Because of their highly
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are critical for the integrity of the currently operating
reactors [5-7].

The DMW under consideration is a ISMNDS5/316L weld
with a 309L/308L buttering. The buttering is made on
the ferritic component surface and then welded to a 316L
stainless steel “safe-end” with a filling of the V groove by
austenitic weld metal. The “’safe-ends” are finally connected
to the 316L stainless steel piping by onsite homogeneous
welding (Fig. 1(b)).

The microstructure of these DMW was explored by
F. Mas [1, 3] and characterized around the Ferritic-
Austenitic interface in the as-welded state (after the welding
process) and after a post-weld heat treatment at 610°C
(PWHT) performed after welding to relax residual stresses
in the weld metal (Fig. 2(a)). Between the ferritic heat
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Fig.1 (a) Schematic of a connection between a low-alloy steel component and a stainless steel pipe; (b) Geometry and constituents of a dissimilar

steel weld [1]

affected zone (HAZ) and the austenitic buttering, the author
observed a thin transition layer, along the fusion line (FL)
(interface between the ferritic HAZ and the fusion zone),
which is composed of a thin martensitic layer and a fully
austenitic zone of about 100 um wide.

The martensitic layer formed at the interface results
mainly from the carbon migration towards the austenitic
weld metal combined with the local enrichment of Cr
and Ni in the partially mixed zone due to the welding
process and the stress relief heat-treatment [8—11]. Its phase
identification can be performed by dilution calculations and
the Schaeffer diagram [9, 12] or by means of Transmission
Electron Microscopy observation [13—15]. High hardness
was also measured in this martensitic layer [16, 17]. The
fully austenitic zone shows a microstructure typical of a

primary austenite solidification grown on the ferritic base
metal former heat treated austenitic grains, whereas the
deposit material with a two-phase §-y dendritic micro-
structure is typical of a primary ferrite solidification [1].
After the welding process, the DMW undergoes a stress
relief heat-treatment at 610°C for a duration between 3 and
16 hours (applied for SS DMW in the currently operating
reactors). The main objectif of this treatment is to relax
the welding residual stresses in the bainitic HAZ and weld
metal in order to avoid any brittle failure in these zones [18].
Mas [1, 3] shows that carbon diffusion from the ferritic low-
alloy steel side (I8SMND)S) to the austenitic high-alloy side
(309L) is triggered at this temperature. The martensitic layer
and the fully austenitic zone undergo a carbon enrichment
together with nucleation and growth of carbides, generating

AS-WELDED | P | AFTER PWHT |
Martensite austenitic Tempered and carburized Carburized austenite
zone . martenste .
~309L ~309L"
8h
. 610°C

FL

HAZ of Base metal — Bainitic microstructure

Weld metal — Austenitic matrix with
residual ferrite

Fig.2 Optical micrograph of the dissimilar interface : (a) in the as-welded state (b) after PWHT [1]
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a hard thin layer (between 50 um and 200 pum width)
of carburized martensite and austenite in the vicinity of a
narrow decarburized ferritic band (Fig. 2(b)).

The resulting high mechanical properties gradients
greatly affect the stress and strain distribution around the
FL and the damage mechanism in a fracture test [1, 2, 6,
7], and coupled with the presence of a large population
of defects (carbides at the grain boundaries), makes the
18MND5/309L interface a potential weak zone in the
SS DMW. It is therefore necessary to characterize the
mechanical behavior of the hard layer and to precisely
measure the plastic properties variation (yield stress and
hardening exponent) around the FL in order to correctly
model the overall transverse behavior of the DMW.

Plastic behavior characterization of the hard layer where
tensile specimens can not be extracted is a real challenge
in SS DMW. In addition to their limited width, the
important local hardness in comparison to the surrounding
soft layers (ferritic decarburized HAZ and austenitic
buttering) prevents any plastic deformation in a macroscopic
tensile specimen machined perpendicularly to the FL
[1]. Nanoindentation, which is a local method to probe
mechanical properties at a submicron scale, seems to be
suitable for this case but presents many limitations: plastic
properties are identified by reverse algorithm based on
functions originating from finite element (FE) simulations
which are performed with some assumptions (perfectly
shaped indents, low hardening capacity...). Furthermore,
this method gives highly dispersed results for materials with
heterogeneities whose size is comparable to the indent size
or with coarse microstructure [1].

On the other hand, micro-tensile testing has proven to
be a valuable technique to directly characterize materials
at small dimensions and measure the strain-stress curve
up to failure. In the past, a few tensile tests have been
performed especially on single crystal specimens, such as
those conducted on single-crystal copper specimens by
Kiener et al. [19] to explore the size-dependance of crystal
plasticity, or on single-crystal Fe samples by Bhattacharyya
et al. [20] to observe slip phenomena. The effect of
irradiation on materials was also studied by in-situ micro
tensile testing on irradiated and implanted single crystal
nickel films by Reichardt et al. [21] or on irradiated stainless
steel by Vo et al. [22]. Katsuhiko et al. [23] also performed
in-situ tensile tests on bi-crystal Fe-Mn-P alloy specimens
to evaluate the grain boundary strength after P segregation.

However, the use of this technique on thin regions has
been quite challenging and several experimental hurdles had
to be overcome to do proper tensile testing of materials in
the meso-scale dimension regime (i.e. a range of a few um
to tens of um). The manufacturing of sensitive equipment
for the test (grips), the fabrication of the specimen or

the choice of measurement methods for stress and strain
calculation are among the technical difficulties which have
to be taken into account to properly measure mechanical
properties.

The present study aims to present a new characterization
method with in-situ tensile testing to measure the plastic
properties of the martensitic and carburized austenitic
layers. The samples were extracted from the different
layers with FIB micro-processing and tested using a home-
made in-situ micro-tensile testing machine. The measured
values for the yield stress and hardening exponent are
compared to the elasto-plastic constitutive laws identified
by nanoindentation in the literature [1, 2] and by
macroscopic tensile testing on tensile specimens machined
perpendicularly to the FL and characterized using laser
beam diameter measurement along the specimen.

Experimental
Experimental Mock-up

The DMW mock-up used in this study is a 18MND5 (SA
533)/316L weld with a 309L/308L buttering (Fig. 3), typical
of DMW between steam generators and the primary circuit
piping of the currently operating reactors. The buttering is
made on a ferritic plate and is composed of several layers
(i.e., the first layer is made of 309L weld metal, the rest are
made of 308L weld metal), then, the buttering is welded to
a 316L stainless steel plate with a filling of the V groove by
austenitic weld metal.

The 308L/309L buttering, which has a total width of
approximatively 15 mm, was deposited using a TIG welding
with a voltage of 12.5 V and an intensity of 350 A, the
deposited material being the material used as the electrode.
As for the weld between the buttering and the 316L
austenitic steel plate, the width is close to 15 mm and the
weld was performed using a TIG welding with a voltage of
13V, an intensity of 219 A, and a 308L austenitic stainless

Weld 308L

Buttering
308L/309L

Fig.3 Stainless steel dissimilar metal mock-up for tensile testing
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steel as filler material. Finally, a post-weld heat treatment
at 600°C for 3 hours was applied to the DMW mock-up
in order to relax the welding residual stress. The chemical
compositions of base metals and filler materials is given in
Table 1.

The microstructure around the 18MNDS5/309L interface
was explored using SEM imaging, EDS measurements and
EBSD analysis. The important hardness gradient in the
vicinity of the interface, reported by F. Mas [1] in the heat
treated state, was also characterized with Vickers micro-
indentation profiles perpendicular to the interface.

Tensile Testing of Crossweld Specimens

In order to characterize the welded junction, smooth
specimens were machined in the SS DMW mock up
through the buttering weld (crossweld) (Fig. 4). A new
measurement system, developed in the LISN laboratory
of the CEA (French atomic commission) by Ancelet [24],
was used to test the crossweld specimens. The use of two
laser micrometers equipped on a tensile machine allows
measuring the local diameter variation along the specimen
during the tensile test.

The axial stress and strain are then calculated locally
along the tensile axis using the following formulas for an
axisymmetric tensile specimen :

e=in ()= 2 (1)
S ap
Otrue = E 2)

where € and oy, are the local strain and stress, a is the
specimen local radius, ap the specimen initial radius, F is
the load and S the local section.

Moreover, a Bridgman correction of the true stress is
performed for the specimen position where necking occurs
using the following formula :

—.B(— 3
3 ( R) 3

where B is a Bridgman function to take into account the
stress multiaxiality due to the local curvature R during the

instability phase (necking) [24].

Otrue =

Table 1 Chemical compositions of base metals and filler materials

C Si Mn Ni Cr Mo Fe

18MND5 (wt %) 0.182 0.236 1.53 0.639 0.153 0.506 bal.
316L (wt %) 0.025 0370 198 10.15 17.08 2.14 bal.
309L (wt %) 0.02 05 1.7 13.0 240 bal.
308L (wt %) 0.02 05 1.7 10.0 20.0 bal.

For the crossweld specimen, this measurement system
was used to calculate a true strain-stress curve for each
material and a constitutive behavior law was obtained for
each macroscopic layer (ferritic base metal, ferritic HAZ,
austenitic buttering, austenitic weld) assuming that the
materials have an isotropic elasto-plastic behavior. In this
context, the yield criterion is adopted as the criterion of von
Mises.

It must be noted that only the axial stress (in the tensile
direction) is considered in the previous stress formula. So in
order to extract the plastic properties of the material from
the experimental strain-stress curve, we have to verify that
shear stress remains negligible, which is the case for the
macroscopic layers in the crossweld specimen, but not for
thin hard layers subjected to transverse compression.

The austenitic buttering 308L/309L being softer than
the ferritic steel, crossweld specimens with a homogeneous
diameter (8 mm) (Fig. 4(bl)) are used to characterize
the austenitic side of the weld. Specimens with variable
diameters (smaller diameter of 7.2 mm in the ferritic side
vs 8 mm in the austenitic side) (Fig. 4(b2)) allow the
deformation of the ferritic base metal and HAZ and are
therefore used to characterize the ferritic side of the weld.
The diameter variation of these specimens was optimised
with numerical simulation of the tensile tests using the
constitutive behavior laws identified for the DMW different
layers by F. Mas in [1]. All tensile tests on crossweld
specimens were performed at room temperature.

In-situ Tensile Tests

The objectif of in-sifu tensile tests is to characterize
the mechanical behavior of layers where homogenous
macroscopic tensile specimens can not be extracted because
of their limited width, such as the martensitic and
carburized austenitic layers. Furthermore, in the case of
these thin layers, the important local hardness prevents any
plastic deformation during a tensile test on a crossweld
macroscopic specimen.

In this context, the testing of specimens from the
martensitic band or the carburized austenite requires several
precautions. Because of the limited width of these layers,
the specimens had to be entirely machined and tested
separately from the macroscopic weld sample, which
required the machining of two grips on both sides of the
specimen. The following requirements had to be taken into
account in order to do a proper in-situ tensile testing on these
materials:

e Small specimens with a tensile geometry (dogbone
for example) must be fabricated separately from the
original macroscopic sample;
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Fig.4 (a) Machining of tensile
specimens in the SS DMW
mock-up (b) zoom on crossweld
specimens: 1) crossweld
specimen with homogeneous
diameter and 2) crossweld
specimen with variable diameter

18MNDs5 ferritic side

Austenitic Weld

buttering metal 316L BM

11— ——-1
M) .

® Special attention must be given to the specimen manip-
ulation to avoid losing it during the test preparation;

e Two grips must be machined separately from the
specimen;

® The specimen has to be fixed in the grips during the
tensile test;

® Loads and displacements have to be measured during
the test.

To answer these needs, a micro-testing machine was
developed in the MSSMat Laboratory with the collaboration
of Framatome. The specimens were fabricated using a FEI
Helios Nanolab 660 FIB/SEM equipped with an easylift
micromanipulator and a gas induced system for Platinum
deposition. They were then tested on the micro-tensile
device.

In-situ tensile machine

The testing machine used for the in-sifu tensile tests is
presented on Fig. 5.

The machine frame was 3D printed with plastic materials
and specific parts were machined to fix the different
components for the specimen and grips machining. The
frame was also covered with an electrically conductive
spray paint to avoid drift issues during electronic and ionic
imaging or EDS and EBSD measurements.

A load cell with a capacity of 50 g (0,5 N) was used
to measure loading during the test. The load sensor was
calibrated using equipment traceable to NIST (National

Institute of Standards and Technology) and a calibration
certificate was provided. A Molybdenum thin foil (a lift-out
grid was used) (Fig. 5 & 6) was fixed on the load cell side
of the tensile device and was used to machine one of the
specimen grips (grip on the right side of Figs. 6 & 9). The
fixing component containing the lift-out grid was attached
to the extremity of the strain gauge load cell so that the load
is transmitted from the specimen to the load cell via the
lift-out grid during the tensile test. The other specimen grip
(grip on the left side of Figs. 6(b) & 9) was machined in a
tungsten needle mounted on a rotating motor (Fig. 5), which
is also necessary for the specimen fabrication.

Finally, the displacement in each direction was obtained
with piezoelectric displacement plates (Fig. 5) characterized
by a displacement resolution of 1 nm and a speed resolution
of 1 pum/s. The loading direction (X direction) was
also controlled with an encoder to precisely measure the
specimen displacement during the test. More details on
the in-situ tensile machine components and the sample
preparation are given in [25].

Sample preparation

In order to distinguish the martensitic layer and fully
austenitic zone in the interface, a weld sample was prepared
by classical polishing techniques, the last step consisting of
prolonged polishing in a colloidal silica suspension which
reveals the martensitic laths and the ferritic grains in the
ferritic HAZ (Fig. 7). The polishing also clearly reveals the
ferritic dendrites in the austenitic side making it possible to

SEM
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Fig.5 (a) In-situ micro-tensile o G
testing machine (b) 3D Molybdenum thin foil
representation of the in-situ

micro-tensile testing machine
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Fig.6 SEM image of the tensile device after (a) specimen preparation and first grip machining in the molybdenum foil (b) second grip machining

in the tungsten needle
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distinguish the fully austenitic zone from the two-phase §-y
microstructure of the buttering.

The first step for the specimen machining was the
extraction of a block (30 x 100 x 15 pm) from the sample
with FIB milling. The extracted block was welded to a
micromanipulator needle (Fig. 6(a)) and then transported
and welded to the rotating needle tip with FIB induced
deposition of Pt. The tensile specimen was finally machined
by rotating the needle mounted on the rotating motor
(Fig. 6(a)). In addition to the specimen machining, it was
also possible with the help of the needle rotation to perform
electronic and ionic images and Electron Backscatter
Diffraction (EBSD) measurements on the specimen surfaces
to confirm the position of the different layers within the
specimen and give data for crystal plasticity.

The second step consisted of the first grip machining in
the Molybdenum thin foil (Fig. 6(a)). Then using the three
piezoelectric displacement plates, the tensile specimen was
inserted in the machined grip (Fig. 6(b)). In order to fix
the specimen, the chamfers were welded to the grip with
a platinum layer. In this configuration, the welds remained
under compression during the tensile test to have a higher
resistance. Once the specimen was fixed in the molybdenum
grip, the second grip was machined in the rotating needle
tip after ensuring that the tip diameter was suitable with the
grip dimensions (Fig. 6(b)).

The final step was the insertion of the second machined
grip in the welded specimen head by using the three
displacement plates (Fig. 9(a)). It must be noted that the
head was not welded to the second grip in order to ensure
some flexibility for the specimen. A preload was also
applied before each tensile test to align the specimen gauge
length with the tensile direction and to minimize the off-axis
loading during the test.

Fig.7 SEM image of
18MNDS5/309L interface after
colloidal silica polishing (5 kV,
BSE) and tensile specimens
sampling (M : martensitic
specimen, M/A :
Martensite/Austenite specimen)

In this study, two dogbone tensile test specimens were
machined in a weld sample from the SS DMW mock-
up. The first machined specimen was extracted from the
martensitic band in the longitudinal direction L (specimen
M in Fig. 7) and the gauge section dimensions (width = 15
pm, length = 35 um and thickness = 6 um) were chosen
in order to obtain a homogeneous martensitic composition
and to have an estimated failure load under the upper
limit of 0.5N of the load cell. The martensitic laths shown
in Fig. 8(a) confirm the homogeneity of the martensitic
specimen.

The second machined specimen (specimen M/A in
Fig. 7) was extracted in the martensite/austenite interface in
the transverse direction T with the same dimensions to be
able to use the same machined grips. Given the important
size of the austenitic grains in the fully austenitic zone
(up to 100 pum), it was not possible to have more than
a single austenitic crystal from the carburized austenite
in the specimen which we can clearly distinguish from
the martensitic laths in the martensitic side (Fig. 8(b)).
The martensite/austenite interface also seems to be very
irregular, being well centered on the upper side of the
specimen and shifted to the austenitic side in the lower side.

It must be noted that an observation with secondary
electrons given by ion scanning revealed the crystals
boundaries of both the martensitic and austenitic parts of the
specimens thanks to the channelling effect [26], as shown in
Fig. 8. However, a long exposure to ion scanning had to be
avoided in the austenitic steel since Ga™ ions can induce a

y — «o transformation as it has been reported in [27-29].
The homogeneity of the martensitic specimen was
confirmed by EDS after testing by comparing the measured
local chemical composition in the specimen to EDS
measurements in the martensitic band from a macroscopic

M/A
~_Fully austenitic zone - : : e TR,
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40 pm

Fig. 8 (a) Martensitic specimen before testing (b) Martensite/Austenite specimen before testing. The red line indicates the final failure location
in the specimen and the purple line indicates the martensite/austenite interface

weld sample. In addition to EDS probing, EBSD was
performed on the martensite/austenite specimen to confirm
the interface localization and to obtain the austenitic crystal
orientation. The austenitic grain had a ~[102] orientation
along the normal direction (perpendicular to the specimen
surface) and a ~[001] orientation along the tensile axis.
The corresponding maximum Schmid factor along the
tensile axis of the specimen was equal to 0.49, indicating
that the austenitic crystal orientation was favorable to slip
systems activation and plastic deformation during the tensile
test. It should also be specified that the austenitic crystal
orientation is in agreement with the solidification direction
in the fully austenitic zone (along the temperature gradient
so perpendicular to the ferritic-austenitic interface), which
explains the important grain size.

Strain and stress measurements
In order to measure the local and global plastic deformation

during the tensile test, several arrays of platinum spots
separated by 0.5 um were induced by FIB deposition on

the surface of the specimen (Fig. 9(b)). High definition
SEM images (3072 x 2048 pixels) with a sufficiently low
noise level were acquired at small strain intervals during
the tests with a secondary electron detector using a dwell
time of about 10 us, leading to a total recording time of
about 60 s per image, during which the loading was stopped.
CMYV, a DIC software [30], was then used to calculate the
displacement field in the specimen surface for each SEM
image. The used mesh for the local displacement calculation
was defined in the reference image such as the correlation
windows were centred on each spot of the FIB induced
marking. The local plastic strain field and the average strain
in the specimen were derived from the displacement field
with CMV according to the method developed in [31] and
based on the computation of the in-plane components of
the deformation gradient F relative to various gage lengths,
from which various strain components can be derived.

For each test, a true strain-stress curve was calculated
from the load cell data and the SEM images measurements.
To calculate the true stress, the specimen section was
measured for each image in the region where the final

"
4
4
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¥
¥
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"
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Fig.9 (a) SEM image of the tensile specimen after insertion in the grips and marking by platinum FIB deposition (b) zoom in on the FIB marking
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failure occurred by assuming that the relative variation of
the specimen thickness is equal to the measured width
variation (isotropic plastic behavior).

For the true strain calculation, DIC measurements were
only possible for a limited range of strain because of the
rather high strain rate of both specimens compared to the
SEM image acquisition time. For the martensitic specimen,
no images could be taken in the plastic phase while for the
martensite/austenite specimen, the last image taken before
failure led to a calculated true strain of 10.5% (Fig. 17(a)).
Moreover, the thin FIB deposited Pt layer showed some
cracks in the plastic phase for both specimens (Figs. 15 &
16), making post failure DIC measurements impossible in
some parts of the specimen surface.

Three additional methods were therefore tested and
compared to DIC measurements. The specimen gauge
section where final failure occurs, the gauge length and
the distance between the two grips were measured for each
SEM image taken during the test. Moreover, in order to
characterize the specimens plastic behavior after the last
SEM image taken during the test, some additional images
were extracted from the test videos for greater strain values.
The true strain was then calculated based on the variation of
these three parameters using the following formula :

Esection = In(32) @)
€length = In(F) (5)
€grips = ln(lo—i_lOAdg) (6)

where €secrion, €length and €g,ips are respectively the true
strain calculated from the gauge section S, gauge length 1
and the variation of the distance between the grips Ad,.

!Invarsa Pole Figure [010]

Martensite
| 10

| 001 100
/Austenite

Results
Micrographic Study of the DMW

Based on SEM imaging (Fig. 7), EBSD analysis (Fig. 10(a))
and EDS profiles (Fig. 10(b)) performed on a crossweld
sample after polishing and chemical etching, the different
microstructures around the Ferritic-Austenitic interface
were characterized:

On the ferritic base metal side (1I8MNDS5), a Heat
Affected Zone characterized by its bainitic microstruc-
ture is formed.

A transition layer, along the fusion line, which is
composed of a thin martensitic layer and a fully
austenitic zone of about 50 um wide.

On the weld metal side (309L), the austenitic buttering
is characterized by its two-phase §-y microstructure and
the presence of dendrites.

The martensitic layer has a variable width between 10
and 100 pm approximatively, which is due to the convection
flow and local chemical composition in the molten pool
during the welding of the austenitic buttering, generating in
some areas martensitic islands within the austenitic layer as
seen in Fig. 10(a). Energy Dispersive X-ray Spectrometry
(EDS) measurements across the ferritic-austenitic interface
(Fig. 10(b)) reveal the presence of an intermediate zone,
whose chemical composition corresponds to a mixture
between mainly the ferritic steel and the austenitic buttering.
This intermediate zone corresponds to the martensitic
band since it is situated between the ferritic HAZ, whose
chemical composition is the same as the ferritic base
metal, and the fully austenitic zone, which is characterized
by the absence of dendrites. The EBSD analysis in
Fig. 10(a) shows the grain size around the ferritic-austenitic

Fig. 10 (a) EBSD profile across the I8MND5/309L interface (b) EDS profile on a line across the 18MNDS5/309L interface
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interface. In the martensitic band, the laths have a limited
size (<10 pum) and are much smaller compared to the
carburized austenitic grains. The austenitic side has a coarse
microstructure with important grain size, which appears to
be very heterogenous near the martensitic band varying
between around 20 and 100 pm.

The evolution of hardness across the 18MNDS5/309L
interface was also characterized in Fig. 11 and shows, as
reported in [1], an important hardness gradient caused by
the carbon diffusion from the ferritic side to the austenitic
buttering during the PWHT. The peak hardness is generally
obtained at the interface between the martensitic and the
austenitic layers and decreases rapidly in the fully austenitic
zone.

However, the presence of a decarburized ferritic HAZ in
the ferritic side with a lower hardness value is not clearly
visible in the hardness profiles, even though a slightly lower
value is obtained between the martensitic layer and the
ferritic HAZ (Fig. 11). This could be due to the layer’s
limited width compared to the indenter size.

In the following sections, the objectif is to characterize
the tensile properties of the observed hard layer composed
of the martensitic layer and the carburized austenitic zone.

Tensile Testing of a Smooth Crossweld Specimen

Macroscopic crossweld specimens machined in the DMW
mock-up were tested at room temperature and behavior
constitutive laws for each layer in the tensile specimens
were determined from a laser measurement of the local
diameter variations during loading. Figure 12 shows
an example of behavior constitutive laws identification
with the crossweld specimen with variable diameter. The
ferritic base metal, ferritic HAZ, austenitic buttering and
weld metal were characterized using the profilometry
measurement during the tensile test. The local diameter
variation in the hard layer (martensitic band and carburized
austenite) is negligible compared to the much softer
layers near the interface (decarburized HAZ and austenitic

500
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- 2 - Carburized
=>: 400 Aystenite
2 350
£ 300 18MND5 309L
ot
= 250
200 2
150 ‘
-200 -100 0 100 200

Distance from the FL (um)

Fig. 11 Micro-hardness profile around the FL
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buttering). This strain gradient creates important shear stress
in the hard layer and a direct identification of a constitutive
behavior law is therefore not possible in the same way than
for the macroscopic layers.

In order to identify the plastic properties and a
constitutive behavior law for the hard layer, a reverse
method using numerical simulation was applied.

The tensile test of the specimen with variable diameter
(Fig. 12(a)) was modeled using a finite element analysis
with Cast3m software [32]. The mesh used for the modeling
and the associated layers and boundary conditions are
presented in Fig. 13(a). The modeling was performed
with 2D axisymmetric calculation using quadratic elements
QUAS and assuming large strains and large displacements.
The boundary conditions were as following:

e All the displacements are locked for line CD;
The line EC is the axisymmetric axis;

o The loading displacement along the tensile axis is
imposed on line EF.

The material behavior for each of the four macroscopic
layers was given by the constitutive laws in Fig. 13(a) and
their width was determined based on the profilometries
measurements during the tensile test (Fig. 12(a)). For the
hard layer, a perfectly plastic behavior law with no hard-
ening was assumed for both the martensitic and carburized
austenitic layers. The position of the martensitic/austenitic
interface was measured on the specimen after chemical
etching to reveal the FL and the width of the hard layer
(120 wm) was measured with a hardness profile across the
interface (Fig. 11).

The numerical model was validated by comparing
the experimental and numerical engineering strain-stress
curves until failure as well as the diameter profilometries
calculated numerically and measured with the two laser
micrometers at two different moments in the tensile test:
when the load reached its maximum value, and at failure
(Fig. 13(b)). The good agreement between tests and
computation results validates the constitutive behavior laws
used in the numerical model for the different layers in the
SS DMW.

Using the validated model, several simulations were
performed with different yield stress values for the hard
layer. For each simulation, local strain-stress curves were
calculated using equations (1) & (2) at different positions in
the hard layer : on the FL and at 75 wm from the FL in the
martensitic layer. These curves were then compared to the
corresponding experimental curves.

Figure 14 shows that a good agreement was obtained
for a yield stress of 1800 MPa for the two positions at
the FL and at 75 um in the hard layer. The numerical
and experimental curves are also similar after the yielding
point which validates the perfect plasticity assumption of
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the hard layer made for the numerical simulations. It must
be specified that the calculated value of 1800 MPa is an
estimated yield stress for the hard layer, without making the
distinction between martensitic and carburized austenitic
layers.

Mechanical Characterization of the Hard Layer
with In-situ Tensile Testing

Two micro-specimens were extracted from the martensitic
layer parallel to the 18MND5/309L interface and in both
martensite and austenite perpendicularly to the interface
(Fig. 7). The two specimens were tested to failure and
videos of the tests were recorded. The displacement was
held constant during the image acquisition and each pause
was accompanied by a stress relaxation ranging from 5 to
10 MPa.

Figure 15(a) shows the martensitic specimen after failure.
Significant necking was exhibited in both specimens and
shows that both materials have a ductile behavior reaching
local plastic deformations (calculated for a square of
0.5 x 0.5 um around each spot) around 30% for the
martensitic specimen and 80% for the martensite/austenite
specimen. For the bimaterial specimen, plastic deformation
was concentrated in the austenitic side and the martensitic
side remained elastic during the test (Fig. 16) and exhibited
a higher resistance than the carburized austenite.

Moreover, the martensitic specimen reached failure
immediately after the start of plastic deformation confirm-
ing the material’s very small hardening capacity, while the
austenitic side of the bimaterial specimen underwent sig-
nificant work hardening after yield. The ductile behavior
of the martensitic layer and carburized austenite was con-
firmed by the observation of the fracture surfaces of both
specimens. Small dimples were observed in the martensitic
specimen (Fig. 15(b)) which are due to the numerous car-
bides in the material, while no clear dimples were observed

——

in the carburized austenite which is due to the very large
section necking.

For the martensite/austenite specimen, the calculated true
strain-stress curves using the different strain calculation
methods are presented in Fig. 17(a). Only the austenitic side
of the specimen was considered for the strain calculation,
so the martensitic phase was not considered in the gauge
length measurements or for strain calculation with the DIC
software. DIC measurements are in a good agreement with
strain calculation based on the section and gauge length
variation, while the calculation based on the variation of the
distance between the grips predicted higher strain values.
This is due to the specimen slip in the grips in addition
to the failure of the welds between the specimen and the
molybdenum grip during the test. The strain calculation
based on the specimen gauge section variation was finally
selected to identify the constitutive laws for both the
martensitic and carburized austenite layers.

A Bridgman correction of the stress as in equation (3) was
also applied for this test to take into account a possible multi
axiality effect, but no significant difference was found.

Figure 17(b) shows the true strain-stress curves for both
tests. The martensitic specimen exhibited a yielding point at
1680 MPa (4 100 MPa) as there was a clear deviation from
linear elasticity at a strain of ~1%. The maximum stress of
1900 MPa is reached at failure immediately after yield, so
no hardening was measured for the martensite.

The second test characterized the carburized austenite
since only the austenitic side of the specimen underwent
plastic deformation, the martensitic side remaining elastic.
The calculated true stress at specimen failure in the
martensitic side of the specimen was only ~900 MPa which
is smaller than the yield strength of 1680 MPa calculated
for martensite in the first test. It must be pointed that for the
martensite/austenite specimen, final failure occurs in a plane
mixing carburized austenite and martensite (Fig. 8(b)),
which was tracked by the FIB deposition marking. For the

Fig. 15 (a) Martensitic specimen after failure (b) crack surface of the martensitic specimen with ductile dimples
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Fig. 16 Strain repartition (along
the x axis) in the
Martensite/Austenite specimen
in the necking phase (o =915
MPa (in the necking zone) et € =
10,5%)

carburized austenite, a clear deviation from linear elasticity
is measured at a strain of ~1.5% and a stress of 620 MPa.
The yielding point was confirmed by DIC measurement as
a clear disparity between strain values in martensite and
carburized austenite initiated at that point. The austenitic
side then underwent an important work hardening (n =
0.25) and reached a stress of ~2000 MPa at failure. The
final reached stress was therefore greater than the yield
strength of the martensitic layer which is in agreement
with the specimen failure in both martensite and carburized
austenite.

Discussion and Comparison of the Different
Characterization Methods

The tensile properties of the hard layer identified from
tensile tests on crossweld specimens and from in-situ
tensile tests on FIB machined samples were compared
to nanoindentation results from F. Mas study in [1] for
validation.

Nanoindentation [1]

Mas [1, 2] probed the plastic properties of thin layers
(decarburized ferritic HAZ, Martensite, Carburized austen-
ite), where tensile specimens could not be extracted, with
nanoindentation. It must be noted that the SS DMW mock-
up used in [1, 2] was realised with the same materials

(18MNDS5, 308L and 309L) used in the mock-up of this
study, but with a Submerged Arc Welding (SAW) technique
and a longer PWHT (8 hours). However, the difference in
these parameters is not expected to generate a significant
difference in the mechanical properties of the hard layer of
both SS DMW mock-ups.

Two different indenters (Berkovich and cube corner)
were used and the local plastic properties were identified
by reverse algorithm based on Bucaille’s method [33] with
correction for friction. The method required each Berkovich
indent to be associated with another cube corner indent to
determine one set of plastic properties (yield strength oy,
hardening exponent n). The results obtained are summarized
in Table 2.

The results show a high scatter in the Martensite and
carburized austenite which is due to the heterogeneous
microstructure and the presence of a large population of
carbides. Moreover, an important drop of hardness occurs in
the carburized austenite when moving towards the stainless
steel away from the martensite/austenite interface. This
layer had therefore to be divided into two subregions
characterized by a strong gradient in mechanical properties:
a mean oy value of 2300 MPa and n = 0 at 15 ym from the
martensitic band and a much softer region at 40 um with a
mean oy, = 1000 MPa and n = 0.12. The martensitic band
is characterized by a mean yield strength of 1650 MPa and
doesn’t show much hardening (n = 0).

Although these values give a good indication of the
local plastic behavior in the hard layer, some uncertainty

SEM
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factor has to be considered because of the limitations
of nanoindentation measurement. In addition to the non-
ideality of the indent tip and the different assumptions
previously discussed, both the pairing of the indents,
which relies on the assumption that the material under
each indent is perfectly identical, and the heterogeneities
of the microstructure increase the scatter of the data.
The reliability of this method is nonetheless better in
the martensitic band, where the grain size (<10 pm)
is smaller than the indent tip size, compared to the
carburized austenite. Because of the coarse microstructure
in the austenitic side (grain size up to 100 um),
with nanoindentation, only one grain can be probed
at the same time and the orientation effects cannot
be neglected. The important hardening in the second
subregion and the anisotropic behavior of the material also
increase the difficulty of extracting plastic properties from
nanoindentation tests since the induced stress state and
plastic zone around the indent are 3 dimensional [34, 35].

Comparison with Tensile Tests on Crossweld
Specimens and In-situ Tensile Tests

The parametric study on the yield stress of the hard layer
(martensite and carburized austenite) performed with a
numerical model of the crossweld specimen gave an average
value for both martensitic and carburized austenite layers
of 1800 MPa. This value is in good agreement with the
values measured by nanoindentation [1] in the martensitic

Table 2 Mechanical properties from nanoindentation by Bucaille’s
method [1]

E(GPa) oy (MPa) n
Martensite 244 1472-1797 0O
Carburized austenite (15 pum 235 2166-2509 0
from martensite)
Carburized austenite (40 um 235 964-1021  0.11-0.13

from martensite)

SEM

band (1650 MPa) and the first subregion of the carburized
austenite (2300 MPa), which is a first validation of these
results.

However, it must be reminded that the determined
value of 1800 MPa represents an indication of the yield
behavior of the hard layer, without taking into consideration
the possible heterogeneities within the layer and the
distinction between the martensitic layer and austenitic zone
mechanical behaviors, which are significantly different, as
nanoindentation and in-situ tensile tests results showed.
Moreover, the hard layer can only be characterized by this
method for a very limited strain range (<3%). This is due
to the smooth tensile specimen failure in the austenitic
buttering before any large strain could be measured in the
hard layer which was a direct consequence of the presence
of two much softer layers (decarburized HAZ and austenitic
buttering) around the interface.

On the other hand, in-situ tensile tests performed on
micro-specimens machined in the hard layer at a submicron
scale allowed to characterize the martensitic and carburized
austenitic layers for larger strain ranges. The values
obtained for oy and n with the in-situ tensile test conducted
on a martensitic specimen are in a good agreement with the
other characterization methods. For the carburized austenite
however, a significant difference is observed between
nanoindentation measurement [1] and the conducted in-situ
tensile test (Fig. 18). It must be noted nonetheless that the
values extracted from the developed tensile device offer
only a qualitative indication of the plastic behavior of the
martensitic layer and the carburized austenite. The size-
dependance of crystal plasticity has not been investigated in
this study and the effect of the grains number and orientation
should be consequent at this scale. For the martensitic
layer, the grain size (<10 pum) is small compared to
the specimen size, so the test should be representative
of the macroscopic behavior. For the carburized austenite
however, the specimen contained a single austenitic crystal,
making the plastic behavior dependent on the crystal
orientation and size. With that being said, the same tensile
test could be numerically simulated with other austenitic
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crystal orientations using crystal plasticity data on the same
material grade. Furthermore, the mechanical behaviors of
single crystal specimens and polycrystals were compared by
Vo [22] for a 304 stainless steel and a very good agreement
was found.

Figure 18 shows a comparison between true stress-strain
curves obtained with Berkovich-cube corner nanoindenta-
tion measurements [1] and in-situ tensile tests. The yield
stress calculated from the bimaterial tensile test and asso-
ciated to carburized austenite (620 MPa) is significantly
smaller than the value obtained with nanoindentation (2300
MPa in the first subregion and 1000 MPa in the second
subregion). This difference can be explained by several fac-
tors. First of all, the advantageous crystal orientation of the
austenitic grain in the bimaterial specimen along the tensile
axis could lead to an early slip band activation and therefore
to a lower yield strength of the material. The anisotropic
behavior of the carburized austenitic layer is also another
factor which contributes to the deviation of nanoindenta-
tion stress-strain state from uniaxial tensile test. Weaver
et al. [36] showed in fact that the scaling factor which
represents the difference of stress state between spheri-
cal nanoindentation and uniaxial tensile test depends on
the material anisotropy. Therefore, for an unirradiated 304
stainless steel, a modification of the stress-scaling factor
from 2.2 to 2.9 was necessary to obtain a good agree-
ment between spherical nanoindentation and uniaxial tensile
test stress-strain curves. As for Berkovich nanohardness,
Weaver et al. [36] noted that the conversion of hardness to
strength is also inherently dependant on the work harden-
ing behavior of the material because of an important plastic
deformation under the sharp indent tip during hardness
measurements. Strength values measured with Berkovich
nanoindentation were therefore significantly higher than
those extracted from uniaxial tensile tests and the authors
conclude that Berkovich hardness measurements are limited
for uniaxial tensile properties characterization.

In this case, considering the difference in stress state for
carburized austenite between nanoindentation and micro-
tensile test (Fig. 18) is not sufficient to obtain a good
agreement between true stress-strain curves since the
measured work hardening exponent of this layer is quite
different between both methods (0.25 for the micro-tensile
test and 0.12 for nanoindentation). As underlined in the
previous work [36], this difference is likely due to the
limitations of Berkovich nanohardness, and in the same way
of cube corner nanoindentation since the generated plastic
deformation is similar, to obtain a representative uniaxial
stress-strain response for materials with substantial work
hardening.

We can therefore conclude that in-situ tensile testing is
more suitable than Berkovich-cube corner nanoindentation
to characterize the mechanical behavior of the carburized
austenitic layer since tensile properties of materials
with substantial work hardening are poorly predicted by
Berkovich and cube corner nanoindentation. On the other
hand, the important work hardening of the carburized
austenitic layer during the in-situ tensile test allows an
accurate measurement of plastic strain up to failure using
DIC calculation on the FIB induced marking.

For the martensitic layer, the test results are in a very
good agreement with nanoindenation (1680 MPa vs 1650
MPa) (Fig. 18) and also with macroscopic tensile testing
(1800 MPa). This agreement is mainly due to a much
smaller grain size and to a homogenous behavior in the
martensitic band, and also to the small work hardening
capacity of this layer, which was correctly predicted by both
nanoindentation and in-sifu tensile testing.

Conclusion

In this study, an in-situ tensile testing device was developed
for meso-scale specimens and used to characterize the
mechanical behavior of the interface hard layer in a stainless
steel dissimilar metal weld. The measured tensile properties
for the martensitic band and the carburized austenitic layer
from tests on FIB machined micro-samples were compared
to nanoindentation measurements [1] and to macroscopic
tensile tests on crossweld specimens.

e The laser measurement system of the local diameter
evolution (described in [24]) during the loading of
the crossweld specimen allows a precise description
of true stress and strain values in the hard layer, and
combined with a parametric numerical analysis using
a finite element model of the specimen, gives a good
estimation of the yield stress of the hard layer compared
to nanoindentation results. However, the information
given by this method in the hardening phase is very

SEM
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limited because of the small strain range in the hard
layer at failure of the specimen.

¢ FIB machined micro-samples can be used in order to
accurately evaluate the tensile properties of “homoge-
nous” microscopic layers in welds such as the marten-
sitic band in the SS DMW interface. However, the grain
size of the tested layer has a significant influence on the
results.

e For the martensitic layer which contains small laths
compared to the specimen dimensions, the test results
are in a very good agreement with nanoindenation and
also with macroscopic tensile testing.

e For microscopic layers with important grain size
and significant mechanical heterogeneity such as the
carburized austenitic layer in SS DMW, the different
methods provide different results, which is mainly due
to the limitations of nanoindentation measurements for
anisotropic layers with coarse microstructure and to
grain size dependance of in-situ tensile tests.

® DIC measurement with FIB induced marking was found
to be an accurate tool to calculate strain distributions in
different layers of bimaterial tensile specimens.

® An approximative evaluation of strain and stress to
failure and an observation of crack surfaces were
possible using the developed in-situ tensile testing
device.

® Carburized martensite in the SS DMW interface was
found to have a very low hardening capacity and
important yield stress compared to the ferritic HAZ.

® The carburized austenite in the SS DMW interface
keeps a high hardening capacity and ductility even
though its yield stress is much higher than that of the
austenitic buttering.

We can therefore conclude that in-situ tensile testing is
a very promising technique for plastic behavior characteri-
zation of small scale materials and local hard layers. This
technique has also the benefit of characterizing the mate-
rials up to failure which allows the analysis of the failure
mechanisms.
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