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Abstract

Laser Cladding is an additive manufacturing technology well suited for the repair of complex metallic com-
ponents. The repair is a two-step process: first, one removes the worn region and then, the initial geometry
is reconstructed locally. The aim of this work is to study the influence of the microstructural gradient on the
strain localization in repaired structures. More precisely, we perform in-situ SEM tensile tests completed by
EBSD observations of the microstructure in the interface neighborhood between the base material and the
repaired region. Furthermore, we monitor the evolution of the local plastic strain distribution at the grain
level until failure. This is performed by Digital Image Correlation methods and superposition of grains con-
tours and strain maps. The observations of grain size and plasticity are compared with predictions provided
by a Hall-Petch model. The study emphasizes the importance of the microstructural gradient in the vicinity
of reparation interface, more precisely it reveals that this gradient induce multiaxial strains and that the
strain localization phenomenon is governed mainly by a grain size effect.

Keywords: Additive manufacturing, Laser Cladding repair, SEM in-situ tests, strain localization,
microstructural gradient.

1. Introduction

The repair of valuable metallic components has become a major asset for industries. This is a consequence
of high cost of both technological alloys and manufacturing of complex structures [1]. Laser Cladding, also
denoted as Directed Energy Deposition or Laser Metal Deposition, is an additive manufacturing process
that permits to add locally material on an existing part or structure, enabling for example the repair of a
worn out region. The material deposition system consists of a nozzle, where the metallic powder jet will
encounter a coaxial laser beam and will be projected on the part. Laser Cladding is a highly promising
technology, as its subsequent Heat Affected Zone (HAZ) has a small size, when compared with other repair
processes such as Tungsten Inert Gas or Gas Metal Arc Welding [2–4].

The microstructure obtained by Laser Cladding process is specific and differs from the ones generated by
conventional processes, like forge or foundry. Indeed, the heat input is highly localized due to the small size
of the laser spot and this leads to a pronounced spatial thermal gradient. Moreover, the rapid motion of the
nozzle and the ratio between the volume of the deposited material and that of the part lead to extremely high
cooling rates. This peculiar thermal field with high spatial and temporal gradients will govern the growth
of the additive manufactured material and its final microstructure. Besides, the material experiences a first
solidification as the melt pool follows the motion of the laser, but can experience additional remelting, when
the layers above are built. The global thermal evolution in the material is close to an annealing process as
the part remains at high temperatures until the end of the process [5, 6] and can steer further metallurgical
transformations.
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The final microstructure of each material volume element is therefore a function of its thermal history,
which depends directly on the process parameters: laser power, velocity of the nozzle, powder flow rate...
This influence has been recognized and investigated in the last decades. Among the rich literature of this
subject, one can mention the following ones focusing on the impact of laser speed, laser power and powder
flow rate [7–9], linear energy input (laser power divided by laser speed) [10, 11], lasing strategy [4, 8, 12–14]
and inter-layer dwell time [15–17]. The inclusion of dwell time between the writing of two successive layers
introduces an additional cooling period in the process and therefore changes the thermal field both in terms
of history and in terms of temporal or spatial gradients [5, 16]. This will affect the final geometrical distorsion
of the part and the underlying residual stresses [15, 16] as well as the microstructure and consequently the
mechanical and fatigue behavior, characterized for example by microhardness [17, 18].

Repaired components contain an interface, which separates the initial structure from the added zone.
The added zone is also designated as the cladded zone in the field. A fine inspection of the vicinity of the
interface will reveal a microstructural gradient and Heat Affected Zone, which are once again driven by the
thermal history. This interface needs to be examined in detail to ensure the metallurgical cohesion between
the added material and the original part and thereafter to assess the lifetime of the repaired component. In
the literature, several repaired configurations can be found, where the microstructural gradient around the
interface, the global mechanical behavior (yield stress, ultimate tensile stress, ductility) or the failure location
are investigated [3, 19–26]. Besides, microstructural gradients can also induce a local multiaxial response
in a component submitted to a global uniaxial loading [27]. Taking into account the local multiaxiality is
consequently essential to know the fracture modes that will occur.

Strain maps from in-situ observations acquired during mechanical tests can be assembled using recent
developments of Digital Image Correlation (DIC) techniques [28]. In [29], Zhao et al. conducted tensile
tests with DIC at a macroscopic level on specimens including a small repaired region in the gauge section.
They have shown that for titanium alloys the existence of a microstructural gradient caused by the repair
induces strain localization. In [30], Sui et al. also performed tensile tests monitored by macroscopic DIC on
repaired samples. They cut thin specimens in a massive Inconel 718 plate which is half wrought and half
manufactured by laser cladding. At the macroscopic scale, their study highlights that the repaired region
deforms more than the substrate and the authors state that this is due to the presence of Laves phases
in the cladded part. Other studies use DIC at a smaller scale to highlight spatial distribution of strain
within grains [31–34]. A combination of these techniques were used in [35] to investigate strain localization
pattern in additively manufactured 316 stainless steel and explain the observed macroscopic anisotropy of
the material.

The aim of the present work is to provide a study on repaired Inconel 718 components complementary
to what was done by Sui et al. in [30] in order to understand the consequence of microstructural gradient on
plastic strain localization. Indeed, in their work, Sui et al. manufactured massive components with change of
lasing direction from one layer to the other. This generates a complicated three-dimensional microstructure
which can be hard to analyze. Consequently, the specimens of the present work are taken on single-track
walls with simpler microstructures. Moreover, observing the strain distribution at a lower scale would
give additional information on localization phenomenon. In the present study, strain maps are acquired at
the grain level with a DIC pitch of 3µm. This scale was chosen to provide an intermediary information
between macroscopic features (interface between wrought substrate and cladded region) and localization
on metallurgical phases. Moreover, several microstructures and gradient were generated by introducing an
interlayer dwell time in the process and the resulting strain localization patterns are compared.

The paper starts with the presentation of the material under scrutiny and the investigation methods.
Next, the results of the observations are exposed and commented: microstructure in the neighborhood of
the interface, spatial evolution of parameters, as well as the distribution of plastic strain. Furthermore,
the observations of plastic grain size and plasticity are compared with predictions provided by a Hall-Petch
model. Additional observations emphasized the local defects along the failure surface. The limits and
extensions of the present work are discussed in the final section.
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2. Material and methods

2.1. Manufacturing the repaired specimen

The experimental work was conducted on repaired specimens of the geometry displayed in Fig. 1. The
repaired structure consists of an initial vertical thin plate playing the part of the substrate on top of which
a single-track wall is deposited by Laser Cladding.

The material used in this study is a nickel alloy, Inconel 718 [36]. The substrate is wrought Inconel 718
plate with dimensions: 1.6mm thick, 90mm long and 20mm high. The powder used for Laser Cladding is
Inconel 718 with particle diameter lying between 45−105µm, manufactured by gas atomization by ARCAM.
The samples were manufactured on a Laser Cladding BeAM Mobile machine [37]. This machine is equipped
with a coaxial nozzle including a powder jet, a local inerting argon flow and a fiber laser with a wavelength
1070nm and a spot diameter of 0.75mm.

The process parameters were kept identical for all samples: laser speed (2000mm/min = 33.3mm/s),
laser power (250W ), powder mass flow (6 g/min = 100mg/s), vertical increment between two layers
(0.2mm), back and forth motion of the nozzle. Two types of walls were manufactured:

(a) without any dwell time;
(b) with a 10-second dwell time between two successive layers.
The defined process parameters and the specimen geometry conducted to a writing time of a single laser

path of 2.7 s. Therefore, the applied dwell time of 10 seconds added a significant cooling time between two
successive layer depositions.

No heat treatment was applied to the samples after manufacturing.
The tensile specimen were finally water-jet cut in the bi-material wall. The interface is located in the

center of the gauge section and is orthogonal to the loading direction of the tensile test. No geometrical
distortion was noticed during or after the cutting process, indicating that the residual stresses induced by
manufacturing were inferior to a buckling threshold.

The surface of the samples was mechanically polished up to 1µm before ion polishing in a Gatan PECS II
machine to perform Electron BackScatter Diffraction and micro-hardness measurements. Vickers hardness
was measured on an Innovastest Falcon 400 by applying 1.96N during 10 seconds.

(a) Face view. (b) Transverse section. (c) Loading of tensile specimen.

Figure 1: Geometry of the repaired specimen and loading configuration.

2.2. EBSD analysis

The Scanning Electron Microscope (SEM) used in this study both for the Electron BackScatter Diffrac-
tion (EBSD) analysis and the in-situ tensile tests was a FEI Quanta 600 FEG-ESEM.

The EBSD maps were acquired using the Aztec software with a step size of 1 µm on two planes of
observations: face view and transverse section of the repaired structures as they are described in Fig. 1.
The data was then analyzed with Channel 5 software to plot EBSD maps. The identification of each grains
was obtained after imposing a disorientation threshold of 10◦.
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2.3. SEM in-situ tensile tests

A gold grid with a 3µm pitch was then deposited by electro-lithography on the face view of the specimen
in the interface area. The SEM in-situ tests were performed on a homemade tensile machine, they 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, it is then unloaded and maintained at 20N
during the acquisition of the grid images for DIC to avoid creep.

Comparing the images for each step to an initial image of the grid gives access to the displacement field
on the unloaded sample from which the strain field is derived. It is then assumed that there are no residual
elastic strain field in the samples and that the main cause for incompatibility is plasticity. Consequently,
since no image could be acquired on a loaded specimen, this protocol only enables to map plastic strains
and not the total strains endured by the loaded sample.

2.4. Results post-processing

The data from the in-situ tests were first post-processed using the Digital Image Correlation software
Correlation Manual Value [28, 38]. It enabled to compute strain maps with the integration scheme displayed
in Fig. 2.

Figure 2: Integration scheme used for digital image correlation [38].

The strain maps were then superimposed to the grain maps obtained by EBSD by making coincide
remarkable points of the microstructure. Detection of the grain contours was conducted with a Matlab code
and the DIC points were sorted depending on which grains they belong to, similarly to what was done in
[35]. It was then possible to derive average values per grain of displacement or strains and their standard
deviation, as it will be shown in Sect. 3.5.

3. Results

The main results of this study are presented in this section. First, the EBSD maps are commented in
Sect. 3.1. In Sect. 3.2, material properties extracted from the tensile tests are presented. The results
from the micro-hardness measurements are also displayed and commented. Then, the strain maps from the
SEM in-situ tensile tests are analyzed in Sect. 3.3. The Sect. 3.4 contains the failure analysis of the tested
samples. In Sect. 3.5, additional maps are exhibited where average values per grain are displayed along
an orthogonal path to the interface. The plotted evolution justifies the rationale behind the plastic strain
distributions. Finally, Sect. 3.6 discusses a simplified one-dimensional numerical study on grain size effect
of the Hall-Petch class and compares its prediction with the observations.

3.1. EBSD analysis

The conducted EBSD analysis are displayed in Fig. 3. The grain morphology is described by its aspect
ratio, which is defined as the ratio of principal axes of the ellipse best correlated with the grain and with
same surface. An equiaxed grain has an aspect ratio close to 1. The substrate appears to be composed of
small equiaxed grains randomly oriented (average size 20µm) whereas the cladded deposit however has a
much more specific microstructure.
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(a) Dwell time: 0s - Face view. (b) Dwell time: 10s - Face view.

(c) Dwell time: 0s - Transverse section. (d) Dwell time: 10s - Transverse section.

Figure 3: Differences of the microstructures obtained without (a) (c) and with (b) (d) dwell time. The RGB
colour is affected to a grain depending on the value of its three Euler angles.

3.1.1. Plane view EBSD maps

For the specimen manufactured without dwell time, the microstructure of the deposited material consists
of large columnar grains. The grain sizing up up to 1mm length are impressive, when compared with the
height of the deposited layers (0.2mm). The columnar shape is characterized by an average aspect ratio
close to 4. It is important to remark that the process layers cannot be easily distinguished in the grain map.
One can also notice that there is a transition zone between the substrate and the cladded region composed
of smaller columnar grains, where a herringbone pattern along the layers can be distinguished. The patterns
of this microstructure are similar to the one reported in [8] for high-power process parameters.

If a dwell time of 10 seconds is added between the deposition of two succesive layers during manufacturing,
then the final microstructure of the repaired components exhibits completely different patterns as shown in
Fig. 3b. The successive deposition layers can easily be identified and the complete cladded deposit zone
presents a herringbone pattern assembled of columnar grains with an average aspect ratio of 2.5.

3.1.2. Transverse section EBSD maps

Fig. 3c and 3d reveal the EBSD maps of the transverse section in the absence and presence of dwell
time, respectively. On both maps, one can notice a fine layer of 80µm depth close to the outer surfaces of
the wall. The kernel region of the wall present significantly larger grains. This variation of microstructure
along the wall thickness could be explained by different cooling mechanisms: near the surface, convection
dominates whereas in the central part, the majority of the flux is conducted by conduction thanks to the
substrate thermal pumping [39].

The influence of dwell time is still visible on the transverse section since the layers cannot be identified on
the specimen manufactured without dwell time but they are visible on the 10-second dwell time specimen.
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3.2. Tensile properties and micro-hardness

Tensile properties extracted from the tests are gathered in Tab. 1. This data should be considered
cautiously since only one specimen was tested for each category, whereas the dispersion from one sample to
the other can be high. However, both yield stress and ultimate tensile stress are much lower for repaired
specimens compared to the wrought material used as substrate. This result matches other work of the
literature which have found that the tensile properties of the repaired specimens lies between the properties
of the substrate and the additively manufactured material [26, 40].

Yield stress Ultimate tensile stress

Wrought Inconel 718 (substrate) 1012 MPa 1260 MPa

Repaired specimen
No dwell time 390 MPa 740 MPa

10-second dwell time 510 MPa 880 MPa

Table 1: Tensile properties

The evolution of micro-hardness along a line perpendicular to the interface was measured on both spec-
imens. The results are displayed in Fig. 4. The wrought substrate has a mean hardness of 460 HV. Far
from the interface, the cladded part exhibits a much lower hardness, around 270 HV in average, regardless
of dwell time. This micro-hardness profile is similar to comparable studies of the literature performed on
laser cladded Inconel 718 [41].

In the sample manufactured with a 10-second dwell time, the first three layers seem to ensure a smoother
transition with hardness around 300 HV. It is nevertheless difficult to notice a clear difference between those
three layers and the rest of the microstructure on the EBSD maps of Fig. 3b and 3d. The precision of
the experimental device does not offer the opportunity to make several measurements within one layer to
compare the hardness at the interlayer where cluster of small grains can be observed.

Finally, it appears that the Heat Affected Zone (HAZ) is deeper for the specimen manufactured without
dwell time than for the other one. Indeed, the component gets warmer during manufacturing so isothermal
lines deepens in the substrate and a larger part of the substrate is affected metallurgically.

Figure 4: Evolution of Vickers micro-hardness across the interface.

3.3. Strain maps

The local spatial distribution of the plastic strain at the grain level in the repaired samples are displayed in
Fig. 5 and 6. The two figures correspond to the absence or presence of dwell time during their manufacturing
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respectively. More specifically, Fig. 5 shows the evolution of the plastic strain component εzzp as the loading
increases, while Fig. 6 displays the other plastic strain components εxzp and εxxp at the last loading step
before failure.

The strain distribution is obviously not uniform along the sample, as one would expect in a bi-material
component. One can conclude that strain localization occurs at two length scales:

(i) similarly to what was found at a macroscopic scale by Sui et al. in [30], the cladded region is much
more plastically deformed than the substrate, which is particularly visible on εzz map. Considering the
yield strength is correlated with the hardness, this is consistent with the micro-hardness measurements
displayed in Fig. 4.

(ii) 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. If it is hard to find any pattern in the specimen manufactured without
dwell time, it is possible to see one emerge from the strain maps in the presence of dwell time. Indeed,
with a 10-second dwell time, the highly strained location seems to follow the process layers, which
corresponds to what was reported in [35] for additively manufactured 316 stainless steel with similar
microstructure.

Furthermore, despite a uniaxial loading, the response of repaired specimen is locally multiaxial with a
non zero shear component εxz which can reach locally 15%. This strong multiaxiality can activate other
fracture modes than the mode I that would be expected for a uniaxial tension. Consquently, to apply a
failure criterion on those repaired components, the multiaxiality of the response would have to be accounted
for, even for a unixial loading, and multixial criteria such as the one proposed by Fatemi et al. in [42] would
have to be used.

In the specimen manufactured without dwell time, two porosities can be noticed in the repaired region
as exhibited in the left side of Fig. 5 and 6. They are both spherical and their diameter are respectively
40 and 60µm. Spherical porosities which are common in additive manufactured material are due to gas
trapped at solidification [8]. The strain pattern observed around them is similar to the characteristic strain
distribution around a circular hole in tension. This strain concentration appears to be limited to a zone of
150µm centered on the porosity.

3.4. Failure analysis

On the specimen manufactured without dwell time, failure occured in the cladded zone at 0.3mm of the
interface. A fractography analysis of failure location was conducted with SEM secondary electrons imaging
resulting in the pictures displayed in Fig. 7. They reveal the presence in the plane of failure of a sharp-
edged porosity with a maximum chord length of 30µm. Dimples can be observed in Fig. 7 highlighting the
ductile fracture of the sample. Those images also show the topography of the failed specimen, exhibiting
the out-of-plane deformation of the laser cladded region. By correlating the strain map of Fig. 5d and the
failure location, it is possible to see that the failure location actually corresponds to the high plastic strain
zone highlighted by a black rectangle.

In the specimen manufactured with a 10-second dwell time, the failure location was not in the gauge
section but near the heads of the specimen, outside of the DIC zone. Therefore no information on the strain
levels at failure location are available. The analysis of the failure location reveals that the initiation site is
on the edge of the specimen. It is consequently hard to state if the initiation occured on a defect specific to
laser cladding or on a defect introduced by waterjet cutting.
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(a) Dwell time: 0s - εzzp at 37% of failure elongation

(b) Dwell time: 0s - εzzp at 68% of failure elongation

(c) Dwell time: 0s - εzzp at 84% of failure elongation

(d) Dwell time: 0s - εzzp at 99% of failure elongation

(e) Dwell time: 10s - εzzp at 50% of failure elongation

(f) Dwell time: 10s - εzzp at 65% of failure elongation

(g) Dwell time: 10s - εzzp at 82% of failure elongation

(h) Dwell time: 10s - εzzp at 98% of failure elongation

Figure 5: Evolution of plastic strain in the specimen without dwell time (a), (b), (c), (d) and in the specimen
with a 10-second dwell time (e), (f), (g), (h). In the specimen manufactured without dwell time, the grey
circles highlight the porosities found in the observed planes and the black rectangle locates failure location.
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(a) Dwell time: 0s - εxzp at 99% of failure elongation

(b) Dwell time: 0s - εxxp at 99% of failure elongation

(c) Dwell time: 10s - εxzp at 98% of failure elongation

(d) Dwell time: 10s - εxxp at 98% of failure elongation

Figure 6: Multiaxiality of plastic strain in the specimen without dwell time (a), (b) and in the specimen
with a 10-second dwell time (c), (d).

Figure 7: SEM Fractography analysis of the specimen manufactured without dwell time revealing a sharped-
edge porosity of 30µm at failure location.
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3.5. Average per grain

From the previous observations, the following question arises naturally: why does the cladded region de-
form more than the substrate? To investigate this issue, we have to extract further quantitative information
from the superimposition of the grain contours and the strain maps than the one displayed in Fig. 5 and 6.

The contour detection method described in subsection 2.4 enabled to affect every DIC point to the grain
it belonged to. Therefore we could access the average and the standard deviation of the strains measured
in each grain. The maps presenting the average value of εzzp and the corresponding coefficients of variation,
i.e. standard deviation divided by mean value, in each grains are plotted in Fig. 8.

One can remark, that several grains present a high coefficient of variation. Let us further notice that
over the substrate or within grains where there plastic strains are small, signal to noise ratio is small and
precise observations are difficult. In the vicinity of porosities, one distinguishes that the main localization
pattern depends on the precise morphology of the porosity independently of the particular microstucture
surrounding it. Moreover, the coefficient of variation is almost everywhere smaller than 25%, a reasonably
small value, which corroborates that the maps plotting average strain per grain can be used in confidence
to analyze the major features of plastic strain localization.

The micro-hardness measurements conducted on both specimens indicate that the substrate is much
harder than the cladded part. This indicates that the yield stress of the repaired region should be lower than
the one in the wrought material [41]. Indeed, the first striking aspect is that the grains of the substrate are
significantly less deformed than the grains of the cladded region. This strain localization could be caused
by several phenomena: chemical segregations, sub-grain structure (dendrites), grain size, morphology or
orientation [34].

First, the fact that plastic strain is larger in the cladded region could be explained by a dominant grain
orientation favorable to the activation of slip planes. A map of the Schmid factor of each specimen appears
in Fig. 9. It is true that in average the Schmid factor is slightly lower in the substrate (0.45) than it is in
the repaired area (0.47). However, the grains with the higher strain levels are not the one with the higher
Schmid factor. Consequently, the orientation of grains might not be responsible for the large scale pattern
of strain localization. However, it can still be at the origin of small strain variations at the lower scale, i.e.
from one grain to another.

Second, the other rationale is that the main cause for strain distribution at the observed scale 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 [43, 44]: the smaller the grains, the
higher the yield stress. The grains boundaries obtained by EBSD highlight the big differences in grain
surface between the original plate (less than 100 µm2) and the cladded region (1800µm2 in average for the
specimen without dwell time and 500µm2 with a 10-second dwell time).

Moreover, on the specimen manufactured with a 10-second dwell time, one can notice that the strain
localization pattern followed the pattern of the layer. If we take a closer look to Fig. 8c, the grains with
higher strains are large grains located just next to small grains clusters. Due to the high number of grains
boundaries in those clusters, these small areas experience less plastic strain than the large grains in their
immediate vicinity.

The part played by the grain size effect in the plastic distribution at large scale in repaired components
will be analyzed more thoroughly in the next section.

3.6. Grain size effect

The grain size effect in metals is well known and is often referred to as Hall-Petch effect, from the
work of Hall [43] and Petch [44]. They have observed that for specimen with equiaxed grains of different
homogeneous size, the yield stress depends on average grain size as follows

σy = σ0 +
k√
d

(1)

where σ0 is yield strength of a single crystal and corresponds to the resistance of the lattice to dislocation
motion, k is the strengthening coefficient specific to each material and d is the average grain diameter.
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(a) Dwell time: 0s - Average of εzzp at 99% of failure
elongation.

(b) Dwell time: 0s - Coefficient of variation of εzzp at
99% of failure elongation.

(c) Dwell time: 10s - Average of εzzp at 98% of failure
elongation.

(d) Dwell time: 10s - Coefficient of variation of εzzp at 99%
of failure elongation.

Figure 8: Average and standard deviation of plastic strain component εzzp derived for each grain in the
specimen without dwell time (a), (b) and in the specimen with a 10-second dwell time (c), (d).

(a) Dwell time: 0s - Schmid factor. (b) Dwell time: 10s - Schmid factor.

Figure 9: Schmid factor derived from grain orientations and loading direction in the specimen without dwell
time (a) and in the specimen with a 10-second dwell time (b).

In a polycrystal, grain boundaries are obstacles for dislocations motion and the stress which builds up
in the neighboring grain depend on the number of dislocations within a grain. This will eventually activate
dislocation sources and thus enabling deformation also in the adjacent grain. Therefore, the grain size
influences how many dislocations piles up at the grain boundary and consequently affects the yield strength
of the polycrystal.

In these samples exhibiting a microstructural gradient, the objective is to check if a grain size effect could
explain the general observation that the substrate experiences less plastic strain than the cladded region.

Initially, the Hall-Petch law was designed to compare yield strength of samples with homogeneous grain
size. However, some authors have tried to use it in the presence of a microstructural gradient with interesting
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results when the length scale of the microstructure variation was small comparing to the localization pattern
[10, 45].

In the specimen obtained in the absence of dwell time, the increasing size of grains from the substrate to
the cladded region is regular and no small scale localization pattern was observed. However, in the specimen
manufactured with a 10-second dwell time, it is impossible to introduce a grain size effect using only Hall-
Petch law due to the cluster of small grains located at the interlayers. The microstructural gradient follows
a more complicated pattern and this structural effect should be investigated numerically with tools such as
crystal plasticity.

Consequently, in what follows, only the case of plastic strain distribution in the specimen without dwell
time is investigated with a one-dimensional Finite Element Analysis realized with Z-set software [46]. A
regular mesh of 100 beam elements of 10µm was built representing a zone of 1mm across the interface.
An elasto-plastic behavior with linear isotropic hardening is assigned to the elements. The constitutive
equations of state variables are the following [47]:

Elastic stress-strain relationship σ = E(ε− εp)

Flow rule and isotropic hardening law ε̇p = γ sign(σ) , α̇ = γ

Yield condition f(σ, α) = |σ| − (σy +Kα) ≤ 0.

(2)

where E is the Young modulus, σy the yield stress and K the plastic modulus.
The material parameters of this model are chosen to meet the classical characteristics of Inconel 718

[36]: E = 200GPa, K = 2500MPa and the yield stress follows Hall-Petch relation recalled in Eq. 1 with
the smoothed grain size factor of Fig. 10a and σ0 depending on k to retrieve a substrate yield strength of
1012MPa [36].

(a) Grain size evolution (b) Plastic strain.

Figure 10: Grain size effect in the specimen without dwell time.

The two dimensional plastic strain map of Fig. 5d is projected in one dimension by averaging along the
x direction. This provides the experimental plastic strain and grain size factor as a function of the distance
to the interface. The grain size factor d is the average grain diameter, it is computed as the diameter of a
disk whose surface is the same as the grain. This projection leads to the blue points curve displayed on Fig.
10.

As one can notice on Fig. 10a, the grain size factor average is very irregular which could lead to numerical
instabilities. It was then smoothed into the orange curve on Fig. 10a which will be used as the grain size
factor for the numerical model.

Then, the strengthening coefficient k of Eq. 1 is determined by optimization using Nelder-Mead Simplex
algorithm [48]. More specifically, we minimize the L2 norm of the difference between the one-dimensional
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average plastic strain experimental data from DIC and the one-dimensional plastic strain derived by FEM.
The optimization converges easily to a global minimum k = 2.0MPa/µm1/2.

The graph of Fig. 10b displays the result of the minimization of error between experimental and numerical
results. The numerical strain (orange curve) seems to follow the overall variation of experimental plastic
strain (blue points) across the microstructural gradient. The slope and plateaux are pretty well captured
but it is not the case for the small scale variation. Two explanations can be put forward. First, small
scale heterogeneity like porosities or precipitates have an impact on the strain distribution. The averaging
along the x direction that was performed here mitigates the effect of precipitates and porosities but does
not erase it completely. Second, grain morphology or grain orientation should be also modeled to reproduce
the complete microstructure, using polycrystal plasticity for instance.

4. Discussion

In this last section, we would like share with the readers a few comments about the specificity of this
work and its limit.

4.1. 2D observations on a 3D structure

As explained in Sec. 2.2, the in-situ tensile tests gave only access to the strain maps on the specimen
face view. However, the EBSD observations of the transverse section displayed in Fig. 3c and 3d prove
that the microstructure is far from being homogeneous along the thickness of the samples. Due to material
removal for polishing, the face view plane we observe is actually located in the center of the wall transverse
section, where the grains are the larger. It could be of major interest to model the small grains layer which
lies opposite to the observed plane during in-situ testing and to investigate its influence on plastic strain
distribution.

Consequently, the fact that we try to explain plastic strain localization in the three-dimensional repaired
structure only by looking at 2D strain maps is a clear limitation of the present work. Conducting 3D EBSD
analysis, looking at the strain in the transverse section or realizing a full three-dimensional FEM model
could be ways to deal with this issue.

4.2. Use of Inconel 718 without precipitation hardening

Inconel 718 is a nickel alloy which is generally used in its aged form. This aging is performed by heat
treatment consisting in the following steps [36]:

• annealing at 1000◦C for 1 hour, followed by rapid cooling, usually water cooling;

• precipitation hardening at around 750◦C for 10 hours;

• precipitation hardening at 650◦C for another 10 hours, followed by air cooling.

Indeed, in this aged form the precipitation of γ′′ phase (Ni3Nb) offers a strong hardening and modifies the
behavior of the microstructure and the material.

In this study, no heat treatment was applied as the repaired structures after manufacturing. Therefore,
γ′′ precipitates are not found neither in the substrate nor in the repaired region. The goal of the present
work was to investigate the effect of the spatial gradient of the microstructure in a repaired structure. If
precipitation hardening would have been performed, the yield stress, and consequently the plastic strain
distribution, would have been driven by the size and density of the γ′′ precipitates and no longer by the
size, morphology or orientation of grains as it was proven here.

As such, this work is only a preliminary study mainly focused on the impact of microstructural gradient
and it is therefore distant from industrial applications on real components where usually a precipitation
hardening is performed.
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4.3. Laves phases

Inconel 718 is a nickel alloy in which Laves phase can precipitate due to chemical segregation during
cooling. This metallurgical phase is undesirable because it reduces ductility and tensile resistance [49]. All
authors in the literature agree on the fact that additively manufactured parts contains these Laves phases
that can be partially removed by performing a heat treatment [8, 30, 50, 51].

In [30], Sui et al. could observe that when submitted to loading, the Laves phases, which are more fragile,
are submitted to stress concentration and eventually break. They consequently play a big role in failure and
damage mechanisms. However, the work of Sui et al. were conducted on massive cladded components with
complex microstructure and the grain size gradient between the substrate and the repaired region is less
pronounced than in this study with single-track walls. To be able to observe a large zone across the interface
(1mm× 2mm), the pattern on which DIC was performed is a grid with a 3µm pitch. With the integration
scheme displayed in Fig.2, the average strain is derived on a 8.5µm square. This precision does not enable
us to actually observe the strain pattern induced around Laves phase due to stress concentration. To do so,
performing very high resolution DIC would be needed with patterns of characteristic size around hundred
of nanometers [32, 52]. Even if the observation zone would have been too small to observe the structural
effect of the interface between the substrate and the repaired area, this technique could provide information
at the scale of Laves and is a promising perspective to the present work.

5. Conclusion

This experimental work has highlighted that the Inconel 718 components repaired using the Laser
Cladding technology exhibit a strong spatial gradient of microstructure. In the interface region, the mi-
crostructure evolves from the small equiaxed grains of the substrate to larger columnar grains. This gradient
depends on the process parameters. Here, we investigated only the particular impact of the dwell time added
between the printing of two successive layers. The dwell time affects the cooling rates during solidification
and the temperature of the substrate layer during deposition. The observation demonstrated beyond doubt
that the influence of dwell time is prominent, changing profoundly the pattern of the microstructure of the
repaired region and leading to polycrystalline structures with remarkably different characteristics.

In-situ SEM uniaxial tensile tests have pointed out that the microstructural gradient induces a plastic
strain localization in the cladded region. This can be explained on the large scale by grain size effect using
the rationale of the Hall-Petch law, which states that larger grains exhibit a lower yield stress. In the present
case, larger grains correspond to the repaired area, implying that the repaired area has a lower yield stress
than the initial wrought substrate. However, the variation of the plastic strain distribution at a smaller scale
involves more complex phenomena and interactions, porosities, precipitates... This effects could be modeled
using crystal plasticity taking into account the price 3D geometry of the grain distribution as well as the
presence of clusters of small grains, grain morphology and orientation, out-of-plane effects, etc. which is one
of the perspectives of the study.

In order to extend the study to repaired components in industrial applications, it is necessary to take into
account the additional heat treatments applied to parts and the subsequent microstructural modifications.
Furthermore, the monotonic tensile experiments should be completed with cyclic test loading. Finally,
further observations of the plastic and damage mechanisms could be provided by performing very high
resolution DIC, investigating the role of Laves phases in order to estimate their impact on fatigue lifetime.
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