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Abstract. Laser Cladding is an additive manufacturing technology enabling

to repair complex metallic components by removing the worn region and reconstructing locally the initial geometry. The aim of this work is to study the
mechanical response of Inconel 718 repaired thin walls. More precisely, we perform an EBSD imaging and in-situ SEM tensile tests on specimen whose gauge
section contains the interface between base material and repaired area. We observe the multiaxial strain patterns until failure at the grain level using a Digital
Image Correlation method and superpose this pattern with the microstructure
gradient induced by repair. The observations highlight a strain localization phenomenon in repaired structures mainly due to grain size effect.

1 Introduction
Repairing massive metallic components has become a major asset for industries [27] as
a consequence of the high cost of technological alloys and of components manufacturing.
Laser Cladding, also denoted as Direct Energy Deposition or Laser Metal Deposition, is an
additive manufacturing process that involves a nozzle consisting of a coaxial laser beam and
metallic powder jet. Compared to powder-bed additive manufacturing processes, it allows
to add material on an existing piece and can then be used to add new features or to repair
a component. Laser Cladding is a highly promising technology, by virtue of a small Heat
Affected Zone (HAZ), when compared with other repair processes such as Tungsten Inert
Gas or Gas Metal Arc Welding [5, 10].
The microstructure obtained with Laser Cladding is really specific and different from
those created with more conventional processes like forge or foundry. The material experiences a first solidification with the displacement of the melt pool together with the laser but
it can be remelted when the above layer is built. It is then annealed as the part stays at high
temperatures until the end of the process [17, 28] what can lead to metallurgical transformations.
The thermal history of the process which controls the final microstructure is influenced by
many process parameters that have been widely investigated in the literature. Among many
articles, one can mention the following ones focusing on the impact of laser speed, laser
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power and powder flow rate [18, 19], linear energy input (laser power divided by laser speed)
[26, 30], lasing strategy [11, 16, 19], inter-layer dwell time [6, 14, 15].
In repaired components, an interface is created between the substrate and the cladded
zone. The microstructure gradient, the depth of Heat Affected Zone are once again driven
by the thermal history. This interface needs to be particularly looked at to ensure cohesion
between the added material and the original part and thereafter to assess for the lifetime of
the repaired component. In the literature, many design of repaired samples can be found
with which the authors investigate the microstructure gradient at the interface, the global
mechanical behavior (yield stress, ultimate tensile stress, ductility) or the failure location
[2, 3, 10, 13, 20, 22–24, 32].
The development of Digital Image Correlation (DIC) techniques [8] enables to build
strain maps from in-situ observations acquired during mechanical tests. In [31], tensile tests
conducted with DIC at a macroscopic level underlines the fact that the existence of a microstructure gradient induces strain localization. Otherwise, other works use DIC at a smaller
scale to highlight spatial distribution of strain within grains [4, 7, 9, 29]. However, no study
could be found where DIC is conducted at grain level in repaired microstructures. The aim
of this work is therefore to study strain distribution in a presence of a microstructure gradient
in order to understand where failure will occur on repaired components.

2 Material and methods
2.1 Interface manufacturing

The material used in this study is a nickel alloy, Inconel 718 [25]. The substrate is a
plate of 1.6 mm thick made of wrought Inconel 718 on top of which a single-bead wall is
deposited by Laser Cladding. The powder used for Laser Cladding is an Inconel 718 powder
of diameter 45-105 microns, manufactured by gas atomization by ARCAM. The samples were
manufactured on a Laser Cladding BeAM Mobile machine [1]. This machine is equipped a
coaxial nozzle including a fiber laser offering a maximum power of 500W, a powder jet and a
local argon inerting. No heat treatment was applied to the samples after Laser Cladding. The
specimen were finally cut in the bi-material wall to load the interface in traction.
2.2 EBSD analysis and In-situ tensile test

The samples surface was mechanically polished up to 1 micron before being submitted to
ion polishing in a Gatan PECS II. The Scanning Electron Microscope used in this study both
for EBSD analysis and in-situ tensile tests was a FEI Quanta 600 FEG-ESEM. The EBSD
maps were acquired thanks to the post-processing software HKL Channel 5. A gold grid
with a 3-micron pitch was then deposited by electro-lithography on the specimen surface in
the interface area. The tensile tests were displacement-controlled at 0.002mm/s and several
loading steps with increasing amplitudes were applied. For each step, the sample is loaded
until a chosen displacement and then unloaded and maintain at 20N during the acquisition of
the grid images for DIC to avoid creep.
The strain maps were obtained using the home-made DIC software CMV [8] and were
next superimposed on the microstructure images from the EBSD using a Matlab code. Image
post-processing was then carried out to compute an average strain per grain which was then
analysed according to the distance between each grain and the interface.
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3 Results
3.1 Microstructure analysis

The conducted EBSD analysis are displayed in Fig. 1. The substrate appears to be composed of small equiaxed grains randomly oriented (average size 20 microns). The cladded
deposit however has a much more specific microstructure. The deposit material microstructure consists of very large columnar grains (up to 1mm length for the larger ones whereas the
layers are only 0.2mm high) and the microstructure is very textured : almost all grains are
oriented towards the building direction. The process layers are not visible in this map. One
can also notice that there is a transition zone between the substrate and the cladded region
composed of smaller columnar grains making a herringbone pattern following the layers.
This microstructure is similar to the one observed in [19] for high-power process parameters.

Fig. 1. Inverse pole figures along the building direction of the face view of repaired samples
in the interface region.

3.2 Strain maps

When the tensile test is performed, plastic strain localization appears as the loading amplitude increases. The resulting strain component maps obtained by DIC are shown in Fig. 2
and reveals different aspects.
Firstly, despite the uniaxial loading of the sample, its mechanical response is locally multiaxial : the shear component of the strain tensor ε xz is non zero.
Furthermore, the strain state of the bi-material samples is not uniform : strain localization
occurs at two length scales. First, the cladded region is much more deformed than the substrate, which is particularly visible on εzz map. Then, in the repaired area, there is also a strain
fluctuation at the grain size scale: strain varies within a grain or across a grain boundary. Two
porosities can also be noticed in this region as exhibited in Fig. 2. They are both spherical and their dimension are respectively 40 and 60 microns. Spherical porosities which are
common in additive manufactured material are due to gas trapped at solidification [19]. The
strain pattern observed around them is similar to the characteristic strain distribution around
a circular hole in traction.
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(a) Strain component εzz .

(b) Strain component ε xz .

(c) Strain component ε xx .

Fig. 2. Strain maps at the last step before failure where total elongation is 99% of failure
elongation.
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Fig. 3. Average value of εzz per grain plotted (a) on the microstructure map ; (b) as a function
of the distance between the grain centroid and the interface.

3.3 Average grain strain

From the strain values derived at each DIC point, it is then possible to compute the mean
and standard deviation strains within one grain. This analysis reveals that except for the
grains adjacent to a porosity, the strain is rather homogeneous within one grain. Fig. 3(a)
displays an example of map of the microstructural response that can be reconstructed using
average strain per grain.
Plotting the mean strain as a function of the distance between the grain centroids and the
interface offers an interesting insight shown in Fig. 3(b). It confirms that plastic strains are
much higher in the added material than in the original plate and enables to quantify the strain
gradient.

4 Discussion
From the observations reported in the previous section, the following question arises:
why does the cladded region deform more than the substrate? As the added material exhibits
larger grains than the substrate and a very textured microstructure, two possible explanations
have been investigated: orientation and grain size effect.
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The larger plastic strain in the cladded region could be explained by the fact that the
dominant grain orientation is unfavorable to the activation of slip planes. However, the grains
with the higher strain levels are not the one with the higher Schmid factor. Therefore, the
orientation cannot be held responsible for strain localization.
The other rationale is that the main cause for strain distribution is a grain size effect. The
dislocations involved in plasticity are stopped or slowed down by grain boundaries. In polycristals, this mechanism is referred to as the Hall-Petch effect [12, 21]: the smaller the grains,
the higher the yield stress. Our measurments outlined the correlation between the grain surface and their mean plastic strain, highlighting the fact that this strain spatial distribution is
mainly driven by a grain size effect.

5 Conclusion
This work has highlighted that the components repaired using Laser Cladding exhibit a
particular microstructure. In the interface region, the microstructure gradient is pronounced
passing from the small equiaxed grains of the substrate to the large textured columnar grains.
In-situ SEM uniaxial tensile tests have pointed out that this microstructure gradient induces a
multiaxial heterogeneous mechanical response. Strain localization can be explained by grain
size effect as the larger grains of the repaired area exhibits a lower yield stress.
In perspective we will explore the high cycle response of these microstructure and assess
the fatigue lifetime of repaired components.
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