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Effect of inter layer cold work on the 2024 Aluminium alloy produced
by wire Directed Energy Deposition

Background

» Wire - Directed Energy Deposition (w-DED) process suitable for
building large and semi-complex near net shape components.

 Inter layer rolling increases the mechanical performances of w-DED
deposit by reducing its porosity level and improving its microstructure.

'« The 2024 aluminium alloy can be deposited using w-DED and be
strengthened by solution and ageing heat treatment.

» The effect of inter layer cold work on the 2024 aluminium alloy has
not been extensively investigated.

e Little has been reported on the interdependence between the
deposition process and the effect of cold work on w-DED deposits.
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Abstract

Aluminium copper magnesium alloys are widely used in the aerospace sector. Wire-
based Directed Energy Deposition could replace conventional manufacturing routes to
build large and semi-complex components for this industry if high mechanical
performance can be achieved in the deposit.

The scope of this study was to assess the effect of inter-pass rolling on a 2024 aluminium
alloy wire-based DED built structure and to investigate the impact of cold work during
the deposition process on the microstructure and mechanical performances. The 2024
aluminium alloy was deposited using two variants of gas metal arc process, and the
effects of the deposition process, cold work and heat treatment were studied using macro
and microstructural observations, hardness measurement and tensile tests. The material
response to inter-pass rolling and the formation of rolling defects was found to depend
on the deposition process variant and bead geometry. While a significant strengthening
of the deposit was observed with one process, only a drastic reduction of defects was
observed with the second. It was also found that the application of cold work and heat
treatment led to lowering of anisotropy and higher ductility when compared with heat-
treated deposit without any inter-pass rolling.

© 2017 Elsevier Inc. All rights reserved.
Keywords: wire-DED, additive manufacturing, aluminium copper, Cold work, Heat treatment

1. Introduction

Wire-based Directed Energy Deposition (w-DED), also called Wire and Arc Additive
Manufacturing (WAAM) is a process that uses an electric arc as a heat source and wire as
feedstock to deposit, layer by layer, metallic components. Contrary to some powder-based
processes, WAAM does not have a stringent requirement for gas shielding of the entire
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deposited structure when unreactive material, such as most aluminium alloys, are
processed. Also, a deposition rate of a few kilograms per hour can be achieved: this means
that large scale parts can be manufactured by this process in a reasonable time and for a
sensible cost [1].

The compatibility between WAAM and aluminium alloys has been investigated for
various ranges of chemical compositions. Numerous studies using low to medium
strength alloys were reported: aluminium silicon [2] and aluminium magnesium [2—4]
alloys are suitable for WAAM because of their favourable solidification behaviour which
does not lead to solidification cracking. However, to achieve high strength in w-DED
components, high strength precipitation hardened aluminium alloys, such as aluminium
copper and aluminium zinc, are required. Aluminium 2024 is an aluminium copper
magnesium alloy widely used as a structural alloy in the aerospace sector, especially in
aircraft fuselage and wing primary structures, due to its specific strength and damage
tolerance properties [5,6]. This alloy is generally considered as un-weldable by fusion
processes because of its unfavourable solidification behaviour [7]. However, the
possibility to weld this alloy has been demonstrated by Picking et al., by optimising the
filler material composition by mixing up to three wires in situ to create a favourable
solidification path [8,9]. A similar approach has been used to deposit a wide range of
aluminium copper magnesium alloys using WAAM by Qi et al. [10] and Gu et al. [11]. In
further publications, the authors demonstrated the possibility of depositing AA2024 using
one or two wires, and the properties of 2024 WAAM deposit were also investigated
[12,13].

2024 is an age-hardening alloy; its optimum mechanical properties are achieved by heat
treatment. During the conventional manufacture of wrought 2024 products, solution
treatment, stretching, and ageing are systematically conducted to achieve the maximum
strength [14]. Qi et al. showed the effect of solution treatment on the properties of WAAM
2024 [13,15]. Inter-pass rolling is another processing route used to increase the strength of
WAAM alloys, as reported by Gu et al. [3,16]. Inter-pass rolling consists of applying load
at room temperature on the deposited material in between each deposition pass to
introduce localised plastic strain in the deposited material. It enables a significant
reduction of the porosity level [17], an increase in mechanical properties [3,16], and a
reduction of residual stresses and distortion [18] during the processing of aluminium
alloys. Most studies were reported on the use of different rolling parameters on single
pass walls [19,20] or more complex geometry [21]. The detailed effects of inter layer
rolling on aluminium deposit identified in the literature are the following:

1. Guetal. [16] attributed the increase of tensile properties of AA2319 WAAM deposit
during inter-pass rolling to high-density dislocations and fine sub-grains with
relatively low misorientations. A high concentration of 0' phases was observed using
transmission electron microscopy in the heat-treated material, but dislocations were
observed only in the rolled material. The rolled material hardness was 102 HV, which
was higher than the as-deposited material hardness, 68 HV, but lower than the
hardness value of 144 HV obtained after heat treatment. The elongation at rupture of
the rolled samples, in vertical orientation was slightly lower than for the horizontal



orientation (7.3% vs 8.5%).

2. Honnige et al. [18] showed that the lattice parameter of WAAM 2319 increases with
the rolling load. The authors suggested that the correlation between lattice parameter
and rolling could be caused by a reduction of solutionised copper content in the
matrix of the rolled material due to extensive precipitation. Dislocations are indeed
well-known nucleation sites for Guinier Preston zones and thereby for precipitates.
Many precipitation hardening aluminium alloy products exploit this phenomenon
and use cold work after solution treatment to promote precipitation and increase the
mechanical performances.

3. Guetal. [3] studied the effect of inter-layer rolling on 5083 WAAM material. The
increase in tensile properties was attributed to deformation-induced high-density
dislocations and sub-structures and grain refinement. The author did not observe any
significant reduction in elongation. This was attributed to the reduction in porosity
level, the grain refinement and sub grain formation that contribute to strength
increase without significant ductility losses and the repeated recrystallisation
promoted during the reheating caused by the layer deposition.

4. Guetal. [17] investigated the effect of inter-layer rolling on the gas pores and
dendritic shrinkage cavities of 2319 and 5083 WA AM material. The authors observed
that pores were gradually flattened to oblate spheroids by increasing rolling load.
When sulfficient rolling load was used, the pores could not be detected by optical
microscopy. The authors used the relatively abundant literature on the effect of
compressive strain on porosity in aluminium alloy to explain how these defects could
be annihilated. They proposed that the hydrogen is trapped in the dislocation
produced during the cold work and escapes through dislocation pipes connected to
the metal surface, as proposed by Toda et al. [22]. The healing behaviour of
microscopic pores is not approved unanimously in the literature but has been
observed by several authors. Investigations showed that compressive strain could
close certain pores that did not reappear after high-temperature heat treatment.
However, certain pores reappeared at their original positions during heat treatment
[22]. In wrought products, the flattened porosities during cold work operation is cited
as a cause for the reduction in mechanical properties in the out-of-plane direction [23].
However, combining forging and heat treatment was proven beneficial to dissolve
hydrogen compressed in the flattened pores [24].

Fixter et al. [12] reported preliminary results on inter-pass rolled WAAM AA2024, but
their short study focused on the feasibility of depositing AA2024 using w-DED and only
reported tensile properties in the horizontal direction. In this paper, the effect of inter-pass
rolling on WAAM AA2024 is extensively investigated: both horizontal and vertical tensile
properties are measured. Also, no previous study attempted to correlate the effect of
deposition power source characteristics and process parameters on deposit properties
after inter-layer rolling: this paper aims to investigate the overall and interdependent
effect of deposition process and cold working on the deposit microstructure and
mechanical properties.



Two variants of Gas Metal Arc process, viz. the Cold Metal Transfer - Pulse (CMT-P) and
Cold Metal Transfer - Pulse Advanced (CMT-P-Adv), developed by Fronius, were used to
examine their effects on the as-deposited and as-rolled properties of the 2024 alloy. These
processes were chosen because of their common use in aluminium WAAM [16,17,25-27].
The CMT-P process has a higher heat input than CMT-P-Adyv, resulting in a wider bead
shape and higher penetration. The CMT-P-Adyv is an alternative current process designed
to clean the oxide layer on the wire surface, resulting in a lower porosity in WAAM
deposit [28]. Solutionising and age hardening heat treatment were also conducted to study
and correlate the effect of inter-pass rolling for different deposition processes on the age-
hardening response of the deposit.

2. Material and methods

Four single bead AA2024 walls were deposited using Cold Metal Transfer -Pulse (CMT-P)
and Cold Metal Transfer - Pulse Advanced (CMT-P-Adv) on AA2024 substrates, as
indicated in Figure 1. The walls were 400 mm long, 100 mm high, and their thickness
depended on the deposition process and cold work conditions and varied from 6 to 13.3
mm. The chemical composition of the substrate and wire are shown in Table 1. The
chemical composition of the wire was determined by Inductively coupled plasma-optical
emission spectroscopy (ICP-OES) and the composition of the substrate was taken from the
Aluminium Association registry [29]. Inter-pass rolling was applied on two of these walls.
It consisted of applying a vertical compressive load, of 45 kN, on each layer, before
deposition of the next layer, by a roller of 100 mm diameter. The load was applied by a
hydraulic cylinder, as described by Gu et al. [16].

Table 1: Material chemical composition

Cu Mg Mn Fe Si Zn Ti Cr
Wire 4.3 1.39 0.61 0.09 0.03 0.21 0.11 <0.01
0.30- 0.50 0.50 0.25 0.15 0.10

Substrate 3.8-49 1.2-1.8 09 Max Max Max Max Max

A wire feed speed of 6 m/min and a travel speed of 10 mm/s were used with a contact tip
to the work-piece distance of 11 mm. The current and voltage of the arc were measured
using a AMV5000 monitor. The values were then used to calculate the

instantaneous heat input using an efficiency coefficient of 84% [30]. The calculated point
to point average heat input of CMT-P-Adv and CMT-P was 120 and 234 J/mm,
respectively. The power source provided the local shielding through the torch, and a flow
of 25 L/min of pure argon was used. The dwell time between two successive layer
depositions was set at two minutes. Figure 1 shows a diagram of the eight conditions
studied.

Half of each wall was heat treated. As shown in Figure 2, both horizontal and vertical
directions were tested using four specimens.
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Figure 2: Samples position in each wall and tensile specimen dimensions

For the microstructural study, samples from vertical cross-sections, normal to the
deposition direction, were cold mounted. The samples were ground using SiC papers
under flowing water, and diamond pastes, alumina alpha 0.3 pm and colloidal silica 0.05
pum suspension were used for polishing. Keller's reagent was used as the etchant for
optical imaging with a Nikon Optiphot Microscope. Walls cross section and ruptured
tensile specimens were observed using a XL30 Environmental Scanning Electron
Microscope in backscatter mode, with a working distance of 10.5 mm, a spot size of 6 mm
diameter and a voltage of 20 keV. A Zwick Roell Auto-C.A.M.S. machine was used for
micro hardness testing, with an indent load of 100 g and time of 15 seconds.

The porosity of each wall was evaluated in the rolled and un-rolled conditions by micro-
computed tomography (UCT). A 5 mm thick and about 20 mm long cross-section was
scanned with the uCT-system PRECISION developed by YXLON International GmbH.
The X-Ray beam for scanning the samples was generated with an accelerating voltage of
165 kV and a target current of 0.10 mA. A flat panel detector Perkin Elmer XRD1620 AN
with a pixel pitch of 200 um and a total size of 2048x2048 pixels was used to capture X-ray
intensity. Samples were scanned with a focus object distance of 78.5 mm and a focus



detector distance of 899.9 mm, resulting in a resolution of 17.5 um voxel size. The 3D
images were reconstructed from the projections with a filtered back projection (FBP)
algorithm using VGStudioMAX3.4 by Volume Graphics international GmbH. Projections
of the lowest grey values were generated with a thick slab algorithm along 5 mm for a
qualitative investigation of the defect distribution. The reconstructed 3D images were
segmented by using a local contrast threshold-algorithm with a local domain radius of 10
voxels for the quantitative porosity analysis. Pores with a volume smaller than 2x2x2
voxels were not considered in the analysis to reduce noise. During the post-treatment,
pores were classified according to their volume in segments with an increment of 10-

4 mm3.

The wall geometry was characterised for the Total Wall Width (TWW), Effective Wall
Width (EWW), Surface Waviness (SW), Layer Height (LH), and remelted depth, as shown
in Figure 3. The remelting depth was determined by subtracting the average layer height
from the top layer height. The percentage of deformation after rolling, remelting
coefficient, and bead aspect ratio were calculated using the following equation:

Layer heights_roiea ) % 100

% on =(1- ,
deformation < Layer helghtAs—deposited

remelted depth
remelted depth + Layer Height

Remelting coef ficient =

Total Wall Width
Layer Height

Bead aspect ratio =

The section of the walls destined to be heat treated were roughly machined to a thickness
of 5 mm before heat treatment for the tensile test campaign. A two-step heat treatment,
solution treatment and aging, was applied. The solution-treatment at 498°C for 90 minutes
was chosen to match one of the conditions used by Qi et al. [15] in their study of the effect
of solution treatment temperature on 2024 WAAM deposit properties. The latter paper
suggested that a solution treatment of 503°C produce better results, but this option was
not selected here, as this temperature is higher than the alloy melting point of 502°C [31].
The solution treated samples were water quenched and a 10-hours aging was carried out
at 177°C. Tensile tests were carried out using an electro-mechanical machine with a 1
mm/min displacement rate; the tensile specimen geometry is given in Figure 2.
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Figure 3: Schematic of the effect of inter-pass rolling on the wall geometry

3. Results

3.1. Geometry and macrostructure

Table 2 provides the geometric characteristics and Figure 3 shows a schematic of the top of
the wall after deposition and rolling to illustrate this data. In as-deposited condition, the
layer width and re-melting depth are smaller, and the layer height is higher if CMT-P-Adv
was used when compared with CMT-P. This lead to a lower bead aspect ratio for the
CMT-P-Adv deposit compared to the CMT-P. The surface waviness of the CMT-P wall is
lower than that of CMT-P-Adv, showing the former deposition process generated a more
regular wall geometry. Inter-pass rolling considerably reduces the layer height and
increases the wall width. The percentage of deformation is higher for the material
deposited with the CMT-P-Adv than the CMT-P process. This can be explained by the
higher aspect ratio of the CMT-P unrolled material, resulting in a larger surface contact
between the roller and the top layer leading to lower rolling pressure. The re-melting
depth is lower than the LH when CMT-P-Adv process is used but considerably larger
than the LH when the CMT-P process is used. Consequently, the remelting coefficient is
significantly higher for the CMT-P deposit compared to the CMT-P-Adv deposit.

Table 2: Wall geometry

TWW  EWW SW LH Aspect Re-melting Re-melting %
[mm] [mm] [mm] [mm] ratio  depth [mm] coefficient Deformation
CMT-P-Adv
Un-rolled 6.0 4.2 0.9 2.53 2.4 2 44.1
Rolled 10.6 8.5 1.1 1.35 7.9 13 49 47 %
CMT-P
Un-rolled 10.3 8.9 0.7 1.29 8.0 3.7 74.1
Rolled 13.3 12.2 0.5 0.93 14.3 1.8 65 28 %




Figure 4 shows an example of a defect between two layers, starting near the edge of the
CMT-P-Adyv rolled wall. These features are scale defects rolled in the material: the thin
oxide layer that coated the layer surface get entrapped in between the folds generated by
rolling. The formation of this scale has been observed on w-DED INCONEL deposit by Xu
et al. [32]. No defects of this nature were observed in the CMT-P rolled wall. This can be
explained by the difference in bead aspect ratio: when rolling is applied to the high aspect
ratio bead deposited by CMT-P, there is no material folding over itself at the wall edges,
and the aspect ratio is only marginally impacted by rolling, as shown in Table 2. However,
when rolling the CMT-P-Adv wall, the aspect ratio, small to start with, increased
significantly. Therefore, folding defects were observed in the CMT-P-Adv wall, and not on
the CMT-P wall.

When CMT-P-Adv is used, the SW increases with rolling because it generated bulges near
the edges of the layer, as shown in Figure 4. However, when CMT-P is used, the SW is
reduced by rolling. Regardless of the deposition process, inter-pass rolling increases both
TWW and EWW.

Defects alignment

Figure 4: Layer fold at the edge of the (a) CMT-P and (b) CMT-P-ADV rolled material into the wall.
3.2. Porosity

Figure 5 provides images of the porosity observed by uCT in a 5 mm thick and wall-width
wide volume. These images show all porosity detected in the 5 mm thick material. The
total porosity values are given in Table 3. The porosity level in the CMT-P deposit is
slightly higher than in the CMT-P-Adv deposit. This is coherent with the literature [28]
and can be explained by a combination of the lack of oxide cleaning and a higher heat
input during CMT-P deposition. In the non-rolled CMT-P-Adv deposit, pores are
distributed homogeneously (Figure 5 (a)). In contrast, horizontal regions of high porosity
concentration, likely caused by the higher remelting depth, are observed in the inter-layer
boundary region in the un-rolled CMT-P deposit (Figure 5 (b)). Inter-layer rolling reduced
the porosity level drastically for both deposition processes. In both as-rolled materials,
pores mainly are found near the wall edges. This is likely to be caused by uneven pressure
distribution and strain field during rolling.



Figure 6 shows the number of pores found per 100 mm? of deposit as a function of the
pore volumes. For both deposition processes, the number of detected pores drastically
decreases for higher pore volumes and large pores are only detected in the un-rolled
material. Inter-pass rolling drastically reduces the number of pores of all size. The effect of
heat treatment on porosity level and distribution has been extensively investigated in the
literature [17,22,33]. The porosity level is expected to rise in the material that has not been
rolled, but no or limited increase in the rolled deposit should be observed. This was not
investigated further in this work.

Table 3: Global porosity results.

CMP-PAdv CMT-P
Porosity [%]
Un-rolled 0,317 0,362
Rolled 0,002 0,004

Figure 5: Porosity detected by 3D tomography in a5 mm thick cross section of (a) as-deposited CMT-P-Adv, (b) as-deposited
CMT-P, (c) as-rolled CMT-P-Adv, and (d) as-rolled CMT-P material.
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Microhardness

Table 4 provides the micro hardness results. There is no significant effect of the deposition
process on the micro hardness in as-deposited condition. Rolling significantly increases
the hardness of the material deposited with the CMT-P-Adv process. This phenomena has
been investigated by Gu et al. [16] on 2319 WAAM deposit. The author characterised the
effect of rolling on dislocation density, grain refinement and precipitates size and
distribution. They concluded that the most contributing strengthening mechanism of
rolling was work hardening, evident from dislocation density increase and sub-grain
misorientation. However, rolling do not have any significant effect on the hardness of the
samples built with CMT-P process, apart from a slight reduction of the hardness
deviation. This absence of strengthening is caused by the numerous remelting cycles
annealing the strengthening effect of rolling.

Heat treatment increases the hardness when applied to un-rolled or rolled material. For
the CMT-P deposit, the hardness of the heat-treated material is 1I0HV higher if rolling is
carried out. This can be explained by a reduction of defect level, confirmed by the
reduction in measurement variation, and by a better response toward heat treatment
caused by a lower alloying element segregation after rolling.
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Table 4: Vickers Microhardness results [HV0.1]

Before heat treatment After heat treatment
CMT-P-Adv
Un-rolled 103+7 140 +5
Rolled 128 +5 141 +6
CMT-P
Un-rolled 100 + 11 132 +12
Rolled 105+3 142 +6

3.2. Microstructure

3.2.1. CMT-P-Adv

Figure 7 shows the microstructures of the material deposited with CMT-P-Adv process.
The microstructures in the as-deposited state mainly consists of dendritic equiaxed grains.
The SEM image shows that the as-deposited material contains large and coarse copper-
rich particles. The chemical composition and nature of these phases were extensively
studied by Qi et al. [13]: the low solidification rate of WAAM causes extensive alloying
element segregation in the as-deposited condition, resulting in the formation of Al2Cu and
AlCuMg with copper and magnesium content up to 22% and 1.6%, respectively.

No significant change in average grain size is observed after heat treatment. The SEM
image shows that, after heat treatment, a large quantity of this copper-rich network is
solutionised in the matrix.

The microstructure of the rolled CMT-P-Adv specimen is inhomogeneous: a clear line of
coarse equiaxed grains are observed between layers, and across the whole wall width in
Figure 7 (g). This can be explained by the lower remelting coefficient indicating that only
part of a layer is remelted during the deposition of the next one. The rest of the
microstructure is composed of equiaxed grains, much smaller than in the un-rolled
sample. The SEM image in Figure 7 (i) shows that the copper-rich particles were fractured
and elongated by the rolling load. After heat treatment, the microstructure is more
homogeneous, mainly because of partial recrystallisation. It is still possible to observe
coarse grain alignment between layers and on the side of the wall. Most of the eutectic
compound is solutionised, and the copper-rich particles left are smaller, and lower in
volume fraction, than the ones observed in the un-rolled heat-treated sample.
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Figure 7: Optical images of the material deposited with CMT-P-Adv process in the (a, b, & c) as-deposited, (d, e, & f) heat
treated, (g, h, & i) as rolled and (j, k, & I) rolled and heat-treated conditions.

3.2.2. CMT-P

Figure 8 shows the optical and SEM images of the CMT-P material. The un-rolled
microstructure is mainly made of dendritic grains, with some small columnar grains and
pore alignments between layers, coherent with the porosity image shown in Figure 5 (b).
The eutectic network is a noticeable difference between the CMT-P and CMT-P-Adv
material. In the CMT-P deposit, lack of material in the inter-dendritic region is visible in
Figure 8 (c). These inter-dendritic voids, or shrinkage porosity, were previously described
as a consequence of the difference in solubility of hydrogen between the solid and liquid
metal by Talbot [23]. The inter-dendritic porosity in the CMT-P deposit is likely to be
caused by the high remelting coefficient, causing the layers to be fully and partially
remelted several times. As the material is melted, the eutectic phase captures an
additional amount of hydrogen stored in the matrix that generate gas pores during
solidification. After heat treatment, large areas are covered by small columnar grains, and
the copper-rich network is largely solutionised.

Inter-pass rolling refines the microstructure: tiny equiaxed grain are observed in the
middle of the sample. The grains are larger on the edge of the sample. As shown in Figure
8 (i), the amount of shrinkage porosity observed is drastically reduced. As shown by the
SEM image (i), inter-pass rolling reduces the porosity density significantly. It also slightly
reduces the size of the secondary phases, but not as significantly as for the CMT-P-Adv
rolled sample, as shown in Figure 7 (i). This is due to a combination of two phenomena:
the numerous remelting and reheating cycle, as the size of eutectic phases is heavily
impacted by thermal cycle; and the lower deformation rate of the CMT-P material during
rolling as reported in Table 2. Nevertheless, rolling elongates and severs the copper-rich
phases along the grain boundaries as shown in Figure 8 (i).

Heat treatment, when carried out on the rolled material, results in grain growth and a

12



relatively uniform microstructure, as shown in Figure 8 picture (j). The SEM images show
that the copper-rich phase distribution is similar when heat treatment is carried out on the

un-rolled and rolled material.

As-deposited As-rolled Rolled and heat treated
a) | i (. 6) R

200 ym

G "

Figure 8: Optical images of the material deposited with CMT-P process in the (a, b, & c) as-deposited, (d, e, & f) heat
treated, (g, h, & i) as-rolled and (j, k, & I) rolled & heat-treated conditions.
3.5. Tensile test results

Figure 9 and Figure 10 provide the average Proof Stress (PS), Ultimate Tensile Strength
(UTS) and elongation at break for each tested condition. The data used in these two plots
are given in Table 5.

Table 5: Tensile properties

As-deposited As rolled Heat treated Rolled & heat
treated
CMT-P- CMT-P- CMT-P- CMT-P-
Adv CMT-P Adv CMT-P Adv CMT-P Adv CMT-P

0.2% PS [MPa]
Horizontal ~ 204+2  178+9  308+7  221+6  262+8  263+5 28310 301x1

Vertical 186+12  163+12 273+16> 210+5 259+9 261 +20 284 +2 290 £ 6

UTS! [MPa]
Horizontal ~ 324+5  260+10 394+7  328+4  429+2  328+23  467+5  468+10

Vertical 267 + 1 210+16  280+22 313+4 340+12  314+12  411+35 444 + 4

Elongation [%]
Horizontal 77+14 29+04 73+1.0 124+02 107+x14 26+0.8 226+20 20.6+20
Vertical 24+0.1 14+0.5 0.5+0.2 6.2+0.8 2.6+0.6 1.6 +0.1 6.0+20 98 =07

1 For the low ductility samples, the data provided as the UTS is the maximum strength
measured during the test.

2The 0.2% PS measured for this sample is not representative of the material performances
as the sample barely yield during the test, making it impossible to measure an accurate PS

value.
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In as-deposited condition, a strong anisotropy is observed, regardless of the deposition
process. The deposit produced by CMT-P-Adv generally shows superior mechanical
properties when compared to material deposited by CMT-P except for vertical orientation
where in rolled and rolled & heat treated conditions CMT — P shows much better results
as compared to CMT-P-Adv. The results in the horizontal section are used to investigate
the impact of rolling on the material properties because this direction is considerably less
impacted by defect alignment phenomenon than the vertical direction.

3.5.1. Horizontal direction
Figure 9 provides plots of the horizontal tensile properties.

Rolling increases the 0.2% PS (+51%) and UTS (+22%) without affecting the elongation
when applied to CMT-P-Adv material. Similarly, for the CMT-P material, rolling increases
the UTS by 20% and the YS by 24%, but also significantly improves the elongation. This
mechanical performance improvement is likely to be due to a combination of the
reduction of the defect level and the improved response toward natural aging of the rolled
material caused by the size reduction of second phases.

Heat treatment of the un-rolled material increases the 0.2% PS and UTS for both deposits
but has little effect on the elongation. In this condition, the PS is similar for both deposits,
but the maximum measured strength and elongation were considerably higher for the
CMT-P-Adyv deposit.
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Figure 9: Tensile properties measured in the horizontal direction for both processes in As-deposited (AD), As Rolled (AR),
Heat Treated (HT) and Rolled then Heat treated (R & HT) conditions.

When applied to rolled material, heat treatment slightly reduces the 0.2% PS of the CMT-
P-Adv material but raises the 0.2% PS of the CMT-P deposit. There is a large increase in
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elongation and UTS in both cases. The CMT-P-Adv deposit outperforms the material
deposited by CMT-P by only 2% of elongation. For both processes, the properties achieved
by rolled and heat treatment surpassed the un-rolled and un-rolled & heat-treated
material.

The tensile properties in the vertical direction can be seen in Figure 10. The trends
observed in the horizontal direction were confirmed in this direction. For both processes,
there was significant anisotropy, with both strength and elongation significantly lower in
the vertical direction. This is due to the alignment of the pores along the layers previously
reported by Qi et al. [13]. The significant difference between the horizontal and vertical
direction is the elongation drop on the rolled CMT-P-Adv material, caused by the lack of
bounding defects previously described and visible in Figure 4.
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Figure 10: Tensile properties measured in the vertical direction for both processes in As-deposited (AD), As Rolled (AR),
Heat Treated (HT) and Rolled then Heat treated (R & HT) conditions.

Figure 11 (a) shows a brittle rupture surface for the vertical rolled CMT-P-Adv specimen.
After heat treatment, the rupture is much more ductile due to the dissolution of coarse
AlCu eutectic phases, as shown in Figure 7. Numerous elliptic smooth areas are observed
on the ruptured surface, as highlighted in green in Figure 11 (b). The largest of these
observed ellipses is 570 um long and 220 um wide. This defect shape and smooth surface
suggests that these ellipses resulted from open pores partially closed during rolling,
which offered no resistance toward crack propagation. These structures are not observed
in the material tested in the horizontal direction. The fracture surfaces of all tested
conditions were not included here for conciseness purpose, but these images are available

in the supplementary data folder.
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Figure 11: SEM images of the fracture surface of vertical specimens deposited with the CMT-P-Adv process in the (a) as
rolled and (b) rolled and heat treated conditions

4. Discussion
4.1. Bead shape and microstructure

As reported in the literature, heat input drastically impacts the bead shape in WAAM
deposition [26]. The higher bead aspect ratio and re-melted factor and the lower surface
waviness of the wall deposited with CMT-P can be explained by the higher heat input of
this process compared to CMT-P-Adv (234 J/mm against 120 J/mm; respectively). This
difference in as-deposited geometry also explains why, despite using the same 45 kN
rolling load, the percentage of deformation induced by rolling is so widely different (see
Table 2).

The CMT-P-Adv process leads to a better deposition quality than the CMT-P process, with
fewer dendritic shrinkage and gas pores. This lower porosity can be attributed to the
alternating current and voltage profiles, typical of CMT advanced processes, which are
well known for their wire cleaning role, leading to a lower porosity level in the deposited
state. This is attributed to the wire oxide cleaning action of the arc when the wire is the
cathode and the substrate the anode [26] .

As illustrated by the re-melted coefficient in Table 2, the material deposited with the CMT-
P process endures numerous partial re-melting and reheating cycles because of the
smaller LH to re-melted depth ratio than for the CMT-P-Adv process. In multi-pass
welding, it has been shown that successive re-melting and low cooling rate can lead to the
formation of dendritic shrinkage pores [34]. These cavities were described by Talbot as a
consequence of the difference of hydrogen solubility in the liquid and solid [23]. During
the solidification, the hydrogen is expelled from the growing solid crystal into the liquid.
The hydrogen concentration in the liquid rises until it is high enough to nucleate as a gas
bubble. This hypothesis is coherent with the numerous voids in between dendrites

observed in CMT-P material, shown in Figure 8. During fusion welding, a standard
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recommendation to reduce dendritic shrinkage cavities is to use a lower heat input. The
higher heat input of the CMT-P process combined with the numerous re-melting phases is
the reason why numerous interdendritic pores can be observed in the un-rolled CMT-P

deposit. In contrast, none were observed in the as-deposited CMT-P-Adv material.

4.2. Mechanical properties
4.2.1. As-deposited condition

The as-deposited hardness average value, provided in Table 4, did not depend on the
process. However, a higher variability of the measurement carried out on CMT-P material
was observed. This variability can be explained by the higher level of defects in this
material. Despite the differences between CMT-P and CMT-P-Adv mentioned above, the
two processes generate a relatively low cooling rate compared to thermal cycle required to
solutionise the alloying elements, generally generated by water quench. Therefore, both
processes produce a similar microstructure in term of second phase size and distribution.
This is why the average hardness value was not affected by the change of process in un-
rolled and non heat treated condition. The tensile properties of the material deposited by
CMT-P-Adv were significantly higher than those of CMT-P material, as detailed in Table
5. The elongation and maximum strength observed changes can be attributed to the higher

level of defects in the CMT-P material as shown in Figure 8 (b and c).

The tensile properties in the vertical direction were significantly lower than in the
horizontal direction, regardless of the deposition process used. Ruptured surfaces of the
vertical specimens observed by SEM show a lower resistance to crack propagation and
more defects than in the horizontal direction. Therefore, the anisotropy of the mechanical
properties in the as-deposited condition can be attributed to the defect distribution since
the re-melted zones (that contains the defect) would now be oriented perpendicular to the
application of the load. This is coherent with the observation reported by Qi et al. [13]. The
horizontal properties of the material deposited with CMT-P are close to the properties of
AA2024 deposited by a tandem GTA system [15].

4.2.2. Effect of inter-pass rolling.

As shown by the hardness measurements reported in Table 4 and the tensile properties in

Table 5, the inter-pass rolling effect depends on the deposition process used.

The hardness measurements provided in Table 4 clearly show that the effect of rolling
depends on the deposition process. The un-changed hardness of the CMT-P material
suggests that interlayer rolling did not strengthen the material through grain refinement,
high density dislocations, fine sub-grains or precipitation hardening. However, the

microstructure images, porosity data, and tensile properties show that inter-layer rolling
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impacted the material. The drastic reduction of defect level in the material can explain the

increase in elongation, PS and UTS in both directions.

In the present study, the CMT-P rolled material is not strengthen by inter-pass rolling.
does not have a high dislocation density, as highlighted by the hardness value. This is
likely to be due to the numerous reheating and re-melting cycles experienced by the
material and a low deformation rate caused by the as-deposited geometry of the wall.
However, the mechanical properties improvement suggests a higher response toward
natural aging and the microstructure images show that the porosity and defect level is
considerably reduced. It suggests that, in this case, the hydrogen is not stored in the
dislocation but is released through dislocation pipes. It could also be trapped in grain
boundaries. Indeed, most studies on the effect of deformation on the porosity of
aluminium alloys were conducted on cast alloys, mainly composed of large grains. During
these studies, grain boundaries were often considered a negligible trapping site, capable
of storing 10 to 100 times less hydrogen than dislocation [35]. However, WAAM material
is composed of much smaller grain, especially when inter-pas rolling is carried out. It
means that there are many more grain boundaries in rolled WAAM material than in

wrought alloys: grain boundary areas could also play a key role in hydrogen storing.

The rolled 2024 CMT-P-Adv material hardness increased considerably compared with the
as-deposited material, as observed by Gu et al. for the 2319 alloys [16]. For 2319, the main
rolling strengthening mechanisms identified were high-density dislocations and fine sub-
grains with relatively low misorientations, as detailed in the first point of the introduction
section focused on published finding on rolling of aluminium w-DED deposit. However,
it has been shown that plastic deformations can have significant effect on the mechanical
properties of the 2024 alloys by altering their precipitation behaviour after rolling. Zhao et
al. showed the complicated relationship between the tensile properties of AA2024 and its
thermochemical history [36]. Three types of precipitates play a crucial role in the
strengthening of 2024 alloys: Al2=Cu, A.CuMg and Q. The ) phases are highly sensitive to
strain and might form on specific crystallographic planes. The hardness after rolling the
CMT-P-Adv material is close to the hardness obtained from heat treatment of the as-
deposited structure. Such increment for a precipitation strengthening alloy cannot be
solely attributed to microstructural features. Therefore, it is probable that, in addition to
generating dislocations, inter-pass rolling also changes the precipitation behaviour of 2024
alloy, leading to improved mechanical properties when the CMT-P-Adv process is used.
The absence of strengthening of the CMT-P material can be explained by a combination of
two phenomena. The high heat input causes severe alloying element segregation,
reducing the content of the alloying element in the matrix. This drastically reduce the

natural aging response of the material. Also, the percentage of deformation generated by
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rolling for the CMT-P material was low because of the difference of as-deposited wall

geometry.

The extremely low ductility in the vertical direction can be explained by apparently closed
pores and the lack of bonding between layers, as suggested by the rupture surface and the
literature [22]. The presence of unclosed pore, as observed in Figure 11 (b) can be
explained by a combination of the lower strain applied by rolling due to the bead
geometry, and insufficient reheating. As demonstrated by Toda et al. [22] both high strain
and post plastic deformation temperature are required to close pores. The lack of bonding
between the folds of material on the side of the wall could behave as a stress concentration
point and offer low resistance toward crack propagation, as suggested by the rupture
surface shown in Figure 11 (a). Unfortunately, these defects were not detected by uCT to
confirm this hypothesis. The higher deformation rate of the CMT-P-Adv deposit, as
detailed in Table 2, is also likely to contribute to lowering the UTS to 0.2% PS ratio.

4.2.3. Effect of heat treatment

Only one heat treatment was carried out in this study, and as mentioned before, it may
not have been optimum. As shown by Qi et al. [15], the properties of 2024 manufactured
by WAAM can be improved by heat treatment, and the temperature of the solution
treatment is a key factor regarding the maximum properties achievable. Therefore, the
work conducted here is not conclusive on the highest mechanical properties achievable
with this alloy after heat treatment. However, heat treatment impact was investigated,
and the effect of the deposition process and inter-pass rolling on the heat-treated

mechanical properties can be reported.

As for the effect of inter-pass rolling, the effect of heat treatment is different if it is carried
out on CMT-P-Adv or CMT-P deposited material. The anisotropy, observed for both
deposition processes, can be explained by the alignment of pores in the inter-layer
boundary. These pores are more numerous after heat treatment than in the as-deposited
condition, as observed by Qi et al. [13]. The effect of heat treatment is more mitigated
when carried out on CMT-P material. This is due to the higher concentration of defect on
the as-deposited material.

When heat treatment is carried out on the rolled CMT-P-Adv material, it does not affect
the PS considerably, but the UTS and the elongation drastically increase. The material is
still anisotropic despite a considerable increase in ductility in the vertical direction.
However, the presence of un-closed, or re-opened, pores in the inter-layer boundary has a
drastic effect on the rupture behaviour of the vertical specimens, as shown by the SEM
image of the rupture surface in Figure 11. It considerably affected the UTS and elongation
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measured in the vertical direction, generating a large measurement dispersion.

Inter-pass rolled & heat treated 2024 deposited with CMT-P process reaches the highest
mechanical properties of all the conditions evaluated in this study, with a slightly higher
PS than the material deposited with CMT-P-Adv. The anisotropy of this material is
marginally lower than this of CMT-P-Adv material. That can be explained by the lower
level of defect, and anisotropy of the material before heat treatment. However, the
elongation in the vertical direction remains low, below 10%. The PS and hardness of the
rolled and heat-treated material were considerably higher than these of the un-rolled and
heat-treated material. This suggests that inter-pass rolling reduce the size of the Al2Cu
phases, making it easier to put them in solution and improving the material response to

the solution treatment.

5. Conclusions

The present study demonstrated the deposition process's effect on the geometry,
microstructure, and mechanical properties of 2024 WAAM inter-pass rolled material. The
key findings that can be drawn from this study are the following:

1. The process input energy has a considerable effect on the geometry of the deposit
and the re-melting depth which subsequently affects the efficacy of the rolling
process. However, it has no significant impact on the strength of the as-deposited
material.

2. The lower energy and alternating current process produces a deposit of higher
strength and elongation than the higher energy process due to the formation of
internal defects in the material deposited with the higher energy process.

3. The material response toward inter-pass rolling depends on the deposition
process heat input. The low heat input process generated, after rolling, a
strengthened matrix. However, the strength of the material deposited with the
high heat input process increases only because of the drastic reduction of defect
level. In both cases, the strength and elongation were improved, unless the bead
geometry is such that lack of fusion defects are generated through the material
folding over itself.

4. Heat treatment improves the microstructure and therefore strength of both the
un-rolled and rolled material. It has little effect on porosity and therefore
elongation.

5. The properties of WAAM 2024 can be significantly improved by combining cold
work and post-deposition heat treatment. Application of these two processes
enable drastic reduction of defects, resulting in a lower anisotropy and a higher

20



ductility of the material than heat-treated material without inter-pass rolling.

For future studies on the combined effect of the deposition process and cold work on w-
DED deposit, a process with flexible control of the deposition parameters would be
required. The study could be repeated with a controlled layer height to re-melted depth or
controllable heat input, independent from the deposition rate, using such deposition
processes. Using innovative deposition processes, such as wire laser arc additive
manufacture of alternating current plasma will enable a deeper understanding of the
inter-dependant effect of the deposition process and cold work in aluminium WAAM.

Supplementary Materials: The tensile test campaign results and the micro hardness measurement
are available online at the DOI 10.17862/cranfield.rd.12143805
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Inter layer cold work increases the mechanical performances of wire-Directed Energy Deposited 2024

aluminium alloy.

The heat input of the deposition process interferes with the effect of inter-layer rolling on the deposit
microstructure, geometry, defect levels, and heat treatment response.

The combination of inter layer rolling and post-deposition heat treatment produces a material with high
mechanical properties and reduced anisotropy compared with the unrolled and heat treated material.
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