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ABSTRACT Moreover, most of the parts to be repaired are

) - manufactured from structurally hardened aluminum
Two solid-state processes, cold spray and Additive alloys; repairing such components by liquid-phase

Friction Stir Deposition, are compared with the am processes is inherently challenging due to the ok

repairing damaged aerospace struc_tures of reusabledeleterious effects such as cracking, chemicatadltm,
satellite launchers. The samples obtained by qaldys o microstructural changes [2,3]. It is importantriote

feature a material hea!th prohibitive for repair. .+ 5\ ch effects may render the repaired partitaise
C(_)nversely, sample_s r_epalred by AFSD show excellent for its intended use. From this perspective, sslate
microstructural continuity between the substrate e material deposition technologies, such as coldysfirh

deposited material. The impact of the process @n th . Agqitive Friction Stir Deposition (AFSD) [7], apar
microstructure of the repaired part thus obtained i to be promising for repair.

analyzed through fine characterization using scapni
electron microscopy. The mechanical response of the In a joint effort between CNES and ONERA, the

repaired structure is analyzed using hardness mgpas$ effectiveness of various solid-state processestlier
well as tensile tests carried out on specimens keahai repair of structurally hardened 2000 and 7000 serie
different heights in the deposited material. Theseilts aluminum alloys has been assessed.

indicate a strong thermo-mechanical impact of the ) ) )

process, both on the substrate and on the deposited | N€ first phase is to ensure that the repair pratisws

material. A revalidation methodology based on the 900d material health for the repaired part. Theifelty

analysis of local deformation gradients by Digltahge of thes.e repairs Wa§ first validated through §|td-mta

Correlation is also described in this paper. analysns of the ma_tenr_:ll health of the parts olet@jrwith
precise characterization at the interface betwden t

1. INTRODUCTION substrate and the deposited material.
Repair or restoration of damaged parts is becoramg  secondly, microstructural alterations associatett tie
industrial issue to reduce costs and increaseifgtarie repair process were assessed by means of fine
of critical components. In the context of the apers characterization under scanning electron microscopy
industry, additive manufacturing repair is a negfdiof The mechanical response of the repaired structa®e w
study that requires the highest attention to safiety evaluated by hardness characterization and, omtis
material health. Special care must be taken torerthe promising samples, by a tensile characterizatien te

reliability of the repaired parts. To that ends ihecessary
to understand the microstructural changes that roccu Ultimately, it is crucial to revalidate these repsi
during the repair process and to ensure the asedcia  Structures with respect to their mechanical pertorce.

mechanical properties exhibit no significant digpenecy Therefore, a methodology for analyzing the impaict o

from those of the initial material. microstructural heterogeneities on mechanical nespo
is proposed.

Among the existing additive manufacturing

technologies, several processes are potential datedi This paper focuses on obtaining the first viableared

for repair. Liquid-state material deposition teclogges, samples and the methodology for revalidating the

such as Direct Energy Deposition, power bed fusion repaired structures.
processes, or Wire Laser Additive Manufacturing,
provide a strong bond between repaired and initial
materials. However, these technologies also induce Although initially developed for coating applicati

2. COLD SPRAY

thermal stresses in both the remanufactured padrtremn cold spray can be used to deposit thick coatin§sh@@
interfacial region, necessitating further heatttret. In order of several millimeters), making it highly tlile
the case of a massive part, this step can present afor repair applications [1]. However, its use iilied to
significant challenge. materials with a certain degree of ductility, aligb the

use of helium as a propellant gas and the incregasd



temperature extend the range of eligible materials.

With regard to the alloys of interest for repainjst
process offers a decisive advantage for 2000 af@ 70
series aluminum alloys: it eliminates the risk of
evaporation of the alloy's constituent elementsally
Liand Zn [1,4,5]. This paper presents the reslitsined

on two structurally hardened aluminum alloys, the
industrial grades AA2219 and AA7075, which are Wide
used in the aerospace industry.

The cold spray technique consists in acceleratiggsa
through a nozzle. This gas drives the raw material
(powder) through the nozzle, leading to a high-dpee
projection towards the substrate. As the tempezadir
the propellant gas rises, so does its velocityelacating

the powder particles until a dense coating adhterése
substrate. However, the gas temperature remaisvbel
the melting temperature of the powder, thus avgidin
transition to the liquid phase, limiting residuslesses,
chemical element evaporation and preserving a fine-
grained microstructure. Metallurgical bonding is
achieved by the plastic deformation of each powder
particle on impact with the substrate. In this papk the
repaired samples are built using nitrogen gapatssure

of 4.5 MPa.

Sample geometry

For each of the material/process combinationscesida
was made to produce two simple geometries of the
repaired sample, as illustrated in Fig. 1. In consace,

the configuration in question may be defined asiagle-
cord" geometry, comprising a monotrack of deposited
material with a thickness in the z-direction eqléw to

a single pass, or approximately one millimeter. In
contrast, the "build-up" geometry consists of two
juxtaposed beads with a thickness in the z-diractio
corresponding to five successive passes of material
deposition (approximately 5 mm). These build-up
samples are both multitrack and multilayer samples.

Single-cord samples
40 mm

40 mm

~ 1 mm

Build-up samples

40 mm

~50-80 mm

Figure 1: Schematic representation of monolayer and
build-up geometries.

The varying parameters are the gas temperatursctre
speed and the stepover amount (for multitracks)only

The powder feeding rate iaintained constant at 3
RPM. Each layer is less than 1mm thick, between 200
and 300um depending on the building parameters:
consequently, the so-called “single-cord” samplesia
reality composed of 2 to 3 layers of deposited nlte

To be as representative as possible of a repair situation,

the substrates are processed from the same material as the
deposited one (homogeneous repair), i.e. AA2219 and
AAT7075 in temper conditions.

Material health

Fig. 2 shows a cross-section of an AA2219 singlelco
sample observed with an optical microscope. Thellev
of porosity observed is extremely high and seems
prohibitive for our repair problem. Pores of seVera
micrometers in size are observed along the enéighh

of the deposit, from the interface to the core loé t
deposited material.

Figure 2: Optical picture of a cross-sectioned AAQ22
cold spray single-cord sample.

These initial observations also show areas where the old
powder grains (which constitute the filler material)
projected onto the substrate are still clearly visible (Fig.
3): this reflects plastic deformation that is too weak to
ensure a good adhesion of the repaired area to the
damaged part.

s

20um

Figure 3: SEM images of AA2219 cold spray singletco
sample - presence of powder grains from the filler
material.

Similarly, the first characterizations of AA7075 single-

cord sample show an extremely high porosity level,
which is prohibitive for our repair problem. In addition,

these AA7075 repaired samples feature a pronounced
delamination at the interface between the substate
the deposited material that can extend over several
centimeters, depending on the building parametéps (

4).



Figure 4: Optical picture of a cross-sectioned AZ3B0
cold spray monolayer sample.

For both materials studied, the porosity rate and
delamination frequency increased with the heighthef
wall, as illustrated Fig. 5. Thus, the results émts of
material health are even less favorable on thedhupl
type samples.

Figure 5 : Optical picture of a cross-sectioned RAQ
cold spray build-up sample.

Microstructural characterization

Electron microscopy characterization provides aebet
view of the microstructure at the interface. Delaation
was detected in all repaired samples. Dependinthen
manufacturing parameters, this delamination caw var
length from a few hundred micrometers (Fig. 6.a @uajl

to several centimeters (becoming visible on optical
images, as in Fig. 4). Lack-of-fusion-like defeate also
present both at the interface and in the core ef th
deposited material (Fig. 6.b and 6.d).

Figure 6 : SEM images of a) AA2219 cold spray sng|
cord sample — delamination at the interface, b) 222
cold spray single-cord sample — lack of fusiorA&Y075
cold spray single-cord sample — delamination at the

interface and d) AA7075 cold spray single-cord skemp
lack of fusion.

Regarding microstructural modification, SEM images
highlight chemical heterogeneities in the deposited
material, which could correspond to the trace of
solidification cells, indicating a very high local rise in
powder temperature, probably above the melting point.
Given the poor material quality of these samples, no
further microstructural investigations were carried out to
confirm this conjecture.

M echanical response

Fig. 7 displays a hardness map performed on AA2219
cold spray single-cord sample. The main observations
are:

- An abrupt transition between substrate and
deposited material, confirming observations of poor
adhesion between substrate and deposited material.

- A much lower level of hardness in the deposited
zone, as its hardness dropped from 175Hv to
140Hv, which supports the hypothesis of a very
high local temperature rise having, if not caused a
local melting of the material, at least inducecta r
solution of all the hardening precipitates present
the material prior to deposition.

Légende

Ml > 1950HV
Il 190.0- 1950 HV
Il 185.0- 1900 HV
B 180,0- 1850 HV
M 175.0- 1800 HV
170,0- 1750 HV
165,0-170.0 HV
1600 - 1650 HV
155,0 - 160,0 HV
1500 - 15,0 HV

» 145,0 - 150,0 HV

£ 1400 - 1450 HV.

. 135,0 - 1400 HV

130,0- 1350 HV

" I 1250- 1300 HV

. |l 1200-1250HV
Il 1150- 1200 HV
I 1100- 11501V
Il 1050- 1100 HV
W 1000- 1050 HV
I < 1000 HV

200 pm

Figure 7 : HVO0.2 Vickers hardness map of AA2219 col
spray single-cord sample. Indents are separated by
300pm.

Overall, the cold spray repair results were disappointing
and did not meet the needs of our problem. No further
work was conducted on the cold spray samples.

3. ADDITIVE
DEPOSITION

FRICTION STIR

Just like cold spray, AFSD relies on solid-state plastic
deformation. Fig. 8 shows the principle of this method:
the filler material is put in contact with a substrate and set
in rotation. The heat generated by the friction forces
softens the material, which then plastically flows. An
additional hard shoulder is also used in order to increase
heat and deformation. A complete structure can be built
by successive passes deposing new layers on top of each
other.
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Figure 8: Principle of additive friction stir depiti®n [6]
Sample geometry

Similarly, single-cord and build-up samples weréltbu
using a MELD Manufacturing machine. Several AA7075
AFSD single-cord samples were investigated as shiown
Fig. 9.a, with various sets of deposition paranseteor
this process, only the AA7075 alloy was investigate
The substrate material is 6mm thick rolled AA70ifb,
T651 temper (peak-aged). The varying parameterthare
traverse rate, the feeding rate, the temperatupoise
and the stepover amount (for multitracks only). lEac
layer is 2 to 3mm thick.

Figure 9: (a) AA7075 samples manufactured by AFSD:
of them are multitrack multilayer. (b) Lateral viest a
multilayer sample.

Material health

Fig. 10 shows a cross-section of a single-cord $amp
The material is fully dense and features a cohesive
structure under the tool. Furthermore, the interfadth

the substrate is not sharp but diffuse on sevenatifed
micrometers. This is a sign of steady mixing. Sasplid

not display porosity and crack, and no bendinghef t
substrate was detected.

On the edge of the deposit material, the track katehi
flashings, which correspond to the zones where the
feeding material has flowed without welding witheth
substrate. In application, they can be machinedr aft
deposition.

Figure 10: Optical picture of a cross-sectioned AFS
monolayer sample.

In what follows, if not specified otherwise, the Itilayer
sample associated with the best set of processptees
will be described, based on visual inspectionsaptital
observation of cross-sections.

Microstructural characterization

Fig. 11 shows electron microscope images of thoeez

in the deposited material. In bulk material, graéme a
few pm large and mostly equiaxed after recrystation
during deposition. No strong texture was detecldue
microstructure also features both intra- and igt@nular
precipitation. The biggest intermetallic compourads
either Mg and Si rich (the darkest ones) or CuiEk.r
Several families of smaller precipitates are preseide

the grains and along grain boundaries. They areinc
Cu, Zn and Mg. The most notable family is #hehase
(MgZzny) which is the stable form of th¢ nanometric
phasen' precipitates are known for being responsible of
the hardening of aluminum 7xxx series: their dgreitd
size is of prime importance regarding mechanical
properties [8].

Figure 11: (a) SEM image of the last deposited ftafl®)-
(c) SEM image and inverse pole figure of a bullefay

The microstructure is very similar in the last dsipexd
layer, but precipitates are smaller and more dssgzer
This is because the bulk layers (all but the lasf)dave
undergone at least one additional heating cyclmdhe
deposition of the following layers. At involved
temperatures, smaller precipitates tend to coalésce



bigger ones, leading to bulk’s microstructure [9,10

The interface’s microstructure is displayed in Fig: it

is a mix between fully recrystallized grains fromet
feeding material and partially recrystallized iorfr the
substrate. The latter are elongated and hadescent

colors in the inverse pole figure as they are still

undergoing recrystallization.

Figure 12: SEM image and inverse pole figure néwr t
interface (the same color code as in Fig. 11 idjise

Finally, the substrate is depicted in Fig. 13. Carag to
the metal before any deposition, the material enttbat-
affected zone (HAZ) is characterized by precipitate
growth, especially at grain boundaries, for the sam
thermal reasons explained before.

Figure 13: (a) SEM image of the HAZ. (b) SEM imafe
the substrate before deposition.

M echanical response

In previous sections, heterogeneity and gradieate h

been described at the microstructural level. In twha
follows, they will be correlated with mechanical
properties.

Fig. 14 displays a hardness map performed on time sa
monolayer sample as Fig. 10. Several observatians c
be noted:

- The deposition has greatly affected the substaste,
its hardness dropped from 180Hv to 100Hv in the
HAZ. The hardness starts increasing again as the
distance from the HAZ increases (e.g. on the sides)

- The deposited material has a good hardness (higher
than 125Hv) but exhibits gradients (its local
maximum is 155Hv).

- The smooth transition between deposited material

and substrate suggests a good mixing.

- There s no local variation, which is consistenthwi
the rather homogeneous microstructure at the
considered scale (indents are 60um large).

I
95Hv 125Hv

=]
155Hv

Figure 14: HV0.2 Vickers hardness map of a monalaye
sample. Indents are separated by 300um.

Regarding gradients, a hardness map of the mudtilay
sample is displayed Fig. 15. The maximum is acluete
the top of the build-up (last deposited layer),Haedness
then decreases as the height decreases. Once again,
hardness jump was measured either at the inteoiaae
the interlayers.

M 1520-156,0 HV
I 1480- 1520 HV
I 144.0-148,0 HV
I 140,0 - 1440 HV
136,0 - 140,0 HV
132,0-136,0 HV
128,0- 1320 HV.
124,0-1280 HV
1200 -124,0 HV
116,0-120,0 HV
1120- 1160 HV.
1080- 1120 HV
I 104,0- 1080 HV
~ [ 100,0- 1040 HV
[ 96.0- 100,0 HV
I 92.0-96,0 HV

Figure 15: Vickers hardness maps of a multilayer
sample. Seven indents were performed at everytheigh

Tensile behavior was also assessed Fig. 16. Céhssic
strain rate of 18s! was imposed on specimen sampled
at various heights (see Fig. 15) and orientatiomsil
failure. The yield stress and ultimate tensile sstreary
accordingly with the hardness. The HAZ features the
lowest yield stress of 170MPa, while the substsayeid
stress before deposition was 460MPa. In the bulk
material, no major anisotropy was detected, and the
elongation reached is 20% or higher. The last |
the highest mechanical performances witb=305MPa.

Eng. Stress (MPa) vs Strain

100

0.00 0.05 0.10 0.15 0.20 0.25

13

Figure 16: Engineering stress versus engineerimgirst
for specimens at several locations of the build-Tp.



stands for a transverse specimen, whereas othersnar [11], and displayed Fig. 19.
the longitudinal direction.

The fracture surfaces of theses specimens areteepor
Fig. 17. A change of failure mode is noted:

- In the substrate before deposition, cleavage is the
dominant mode, with visible intergranular
propagation.

- The deposited material is characterized by its
ductile rupture mode: dimples cover the entire
fracture surface. Microvoids also nucleate on Figure 18: SEM image of the speckle pattern. Trapsh

intermetallic compounds. of a precipitate is visible by transparency.
- In the HAZ, both modes occur. The role of grain _—
. o T T SRR .1 7
boundary precipitates growth is highlighted by ‘% }% t‘ B
] N 0.05

dimples and voids surrounding these precipitates.

Local plastic strain &},

0.00

Figure 19: Plastic deformation map computed for a
total deformation of 2.3% of a bulk deposited mater
specimen.

These tests are still under analysis. Preliminasuits
show deformation localization in the vicinity ofrtan
features such as hard and brittle intermetallicpoumds
and specific grain boundaries, potentially leading
failure.

4. CONCLUSIONS & PERSPECTIVES

Optical microscopy and Scanning Electron Microscope
analyses show that samples repaired by cold spray
features a significant porosity level, even prohibitive,
with delamination zones extending up to several
centimeters long, depending on the parameters. These
observations are confirmed by the hardness
measurements, highlighting the abrupt transition
between the substrate and the deposited material
confirming poor adhesion.

Figure 17: Fracture surfaces of tensile specime@j. On the contrary, the first characterizations of samples
Substrate before deposition. (b) Bulk material.H&)Z. repaired by AFSD show a perfect material health and a
smooth microstructure evolution through the repaired
wall, confirmed by the hardness maps carried out on both
monolayers and multitrack samples. Particular attention
is paid to this microstructural evolution. Microstructure
mapping by Electron BackScatter Diffraction gives
access to the thermomechanical history of the repaired
material. Microstructural characteristics such as grain
size, crystallographic texture and local disorientation,

In order to understand the manifest link between
microstructure and these diverse mechanical priggert

in situ tensile test has been performed inside an electron
microscope at LMS. Deformation was tracked using
High Resolution Digital Image Correlation, basedan
tin speckle pattern (see Fig. 18). Due to its girealler
than the grain size), full-field local plastic defmtion
was computed using ONERA-developed Escale software



which are related to the level of deformation, [devan
understanding of the microstructural changes duitieg
remanufacturing step. In addition,

sampled at various heights of the repaired wdbtahg

the assessment of the microstructural featureshen t

mechanical response.

Finally, concerning the revalidation methodologmare
detailed characterization of the mechanical gradiers
carried out, using Digital Image Correlation (DIChese
tests highlight the strain localization dependingtbe
microstructure of the considered zone, i.e.
substrate, HAZ or deposited material.

This first study on the feasibility of repair sotris using
solid-state processes show very promising
obtained on the AFSD samples.
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