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Abstract

Rolling can control residual stress and distortion in aluminium Wire + Arc Additively Manufactured
(WAAM) walls. It was applied both vertically to each deposited layer (inter-pass) and to the side
of the wall after deposition is completed. Distortion was virtually eliminated with the vertical
inter-pass method (unlike other metals) and inverted with side rolling. Neutron diffraction stress
measurements show that the deposited wall contains constant tensile residual stresses along the
build direction that reach the flow strength of the alloy in longitudinal direction. Vertical inter-
pass rolling eliminates the distortion, but produces a multi-directional stress field, with
hydrostatic compressive stresses approximately 2 mm below the top surface and hydrostatic
tension 5-10 mm below the surface. Side rolling was even more effective in stress and distortion
control and produced fairly uniform longitudinal compressive stresses along the wall height. An
interesting by-product of the neutron diffraction measurements is the observation of a
significantly larger FCC aluminium unit cell in the inter-pass rolled walls. This is a result of less
copper in solid solution with the aluminium matrix, indicating greater precipitation which could

have contributed to the material’s improved strength.

1 Introduction

Wire + arc additive manufacturing (WAAM) is a high-deposition-rate additive manufacturing
process, which can be used for the manufacture of large-scale structural parts of medium
complexity. Commercial welding torches are manipulated by a robotic or CNC-system to deposit
metal wire on a substrate, using welding arcs as a power sources [1]. Metal Inert Gas (MIG),
Tungsten Inert Gas (TIG) and plasma power sources can be used to deposit a wide range of metals
including steel, Ti-6Al-4V and aluminium alloys [2]-[4]. Alternate additive manufacturing
processes are laser [5] and electron beam [6] based systems that deposit metal wire or
powder [7], [8]. WAAM techniques provide a high deposition rate at the expense of dimensional
resolution and minimum feature size and are typically compared against conventional
manufacturing techniques, such as machining, casting and forging fabrication. The comparison is
based upon mechanical properties, build tolerance, buy-to-fly ratio, residual stress and distortion.

Benefits of WAAM are dominantly the cost savings through reductions in the material required
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and design optimisation [1], [9], as well as significant reductions in lead time. The deposited near-

net-shape part can be finished by machining or forging [10].

During the repetitive deposition process, each layer exceeds the melting point and cools down
again. Due to thermal expansion and constrained shrinkage during cooling, the deposited wall
develops residual stresses, comparable to those in welding [11]. The geometry, thermal history,
temperature-dependent flow strength and thermal properties of the metal determine the
magnitude of these residual stresses in WAAM. When depositing steel for example, the
longitudinal residual stresses can be as high as the material's tensile yield strength [12], [13]. In
Ti-6Al-4V walls the maximum tensile residual stresses are usually less than 70% of its yield
strength [14], [15]. When the part is still clamped and undistorted, the longitudinal tensile
residual stress is constant along the height [16]. After unclamping a linear wall, the part bends
upwards to balance the internal stress field. The changed stress field shows a linear drop in
longitudinal tensile residual stress from the substrate toward the top of the wall [12]-[17]. Even
though aluminium is one of the most widely used materials for WAAM and other AM techniques,
there were no detailed investigations on the residual stress development available yet. Sun et al.
[18] deposited 2319 aluminium wire using WAAM technology, but only measured the stresses
near the wall surface using hole drilling. Only Brice et al. [19] used neutron diffraction to measure
bulk stresses in electron beam AM using 2319 wire. However, stresses were only determined at
or near the interface with the substrate and along the length of the specimen, rather than the

height.

A variety of welding-induced residual stress mitigation techniques are available, which can be
considered for WAAM [20]. Thermal techniques include stress relieving, scanning path strategy,
pre-heating or depositing with trailing heat sink [19], [21]-[23]. Machine Hammer Peening,
Ultrasonic Impact Treatment and Global Mechanical Tensioning are other examples for
mechanical approaches [24]—-[27]. Another promising mechanical technique to manipulate the
residual stresses and distortion is cold rolling, which initially has been used on butt welds [28]-
[31], because it can efficiently eliminate residual stresses and distortion. Figure 1 (a) shows the
schematic of vertical rolling of butt welds, which strains the weld seam predominantly in the
longitudinal direction and hence reduces the residual stresses and distortion. When applied to
additive manufacture, as shown in Figure 1 (b), this technique is less effective, because the main
direction of plastic deformation is transverse to the deposition direction due to absence of any
lateral restraint. Hence vertical rolling only reduces, and does not eliminate residual stress and
distortion in steel and Ti-6Al-4V WAAM [12], [32], [33]. Colegrove et al. [12] showed that

constraining the transverse deformation can significantly improve the effect of vertical rolling on



the distortion. Hénnige et al. [14] developed the side rolling technique, illustrated in Figure 1 (c).
By applying the load in the transverse direction, the wall is strained in the longitudinal and normal
directions, which counteracts the as-deposited residual stresses effectively. Side rolling was able
to mitigate residual stresses and eliminates distortion in Ti-6Al-4V WAAM [14]. Although side
rolling appears not practical from industrial perspective, it is seen as the first step towards
developing a pinch rolling tool, where two horizontally opposed rollers are used to deform the
wall, similar to the one used elsewhere [34]. Pinch rolling can be used on curved walls and has
the advantage that the applied force is kept within the rolling mechanism, so no large externally

applied load is necessary.

(a)

Large longitudinal and
normal strain

Figure 1: Main directions of strain induced by cold rolling: a) vertical rolling of butt welds; b) vertical rolling of WAAM wall; ¢) side rolling
of WAAM wall

WAAM components, by virtue of the fabrication process, often have anisotropic and inferior
mechanical properties compared to their wrought counterparts. This is primarily due to large
columnar dendritic grains that grow epitaxially during deposition [35]. However for aluminium-
copper alloys, grain size and solid solution strengthening have a relatively small effect on the

mechanical properties when compared to aging or work hardening [36].

WAAM aluminium walls typically contain Al—-Cu eutectics (a-Al and 8 phases) which can be
100 um in size. They form during solidification along grain or dendrite boundaries due to the high
diffusivity of the liquid melt, which allows copper to concentrate in the remaining liquid so an
eutectic composition is the result when solidification is completed [37]. The 6-phase can grow
further at elevated temperatures during subsequent depositions but can be re-dissolved by
solution treatment [38]. Furthermore the experimentally deposited 2319 WAAM wall contains
spherical pores that are typically between 10 and 50 um in diameter that severly reduce tensile
and fatigue properties. The as-deposited 2319 material, which contains large precipitates and
pores, has a yield strength of 125 MPa, which can be increased to over 300 MPa with a T6-
treatment [39], [40]. Inter-pass rolling has been found not only to modify the internal stresses in
WAAM, but also the microstructure [12], [41], [42]. The effect on the aluminium microstructure

is grain refinement, a modified morphology of precipitates and the full elimination of porosity,
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which can all be attributed to the increased dislocation density, induced by rolling [39]. With inter-
pass rolling applied on aluminium WAAM, the YS and UTS can be increased by 87% and 20%

respectively [38].

In this paper the development of residual stresses in 2319 WAAM walls was investigated using
neutron diffraction and how vertical inter-pass rolling and side rolling can be used to control
residual stress and distortion. The neutron diffraction data furthermore helped to better

understand the strengthening mechanism.

2 Methodology

A Fronius CMT Advanced 4000R heat source was used to deposit commercial ER2319 wire
(1.2 mm diameter) on a 310x65x6.35 mm 6082-T6 substrate. The nominal chemical
composition is shown in Table 1. A six-axis ABB welding robot deposited the 250 mm long walls
layer by layer in alternating direction, using a CMT pulsed advanced wave form with C1369
synergic curve. A wire feed speed of 100 mm/s and travel speed of 10 mm/s were used with 100%

argon shielding gas at a flow rate of 25 I/min. The contact tip to workpiece distance was 12 mm.

Table 1: Nominal Composition of the ER2319 wire
Al Cu Mg Mn Ti Zr Zn Si Fe \Y

wt % (bal) 5.8-6.8 <0.02 0.2-04 0.1-0.2 0.1-0.25 <0.1 <0.2 <0.3 0.05-0.15

For the first three layers, the wire feed speed was increased by 33%, which compensated the heat
sink effect of the substrate. Rolling was applied with a bespoke gantry based rolling machine,
which applied the load with a hydraulic cylinder. The H13 tool steel rollers used in this study were
20 mm wide and the diameters were 100 mm for vertical rolling and 150 mm for side rolling. This
setup, the wire and deposition parameters, as well as the rolling gantry were the same as those
described in Gu et al. [38], [39]. Vertical inter-pass rolling was employed between each layer after
a 45 s delay, which allowed the wall to cool down to near room temperature. Loads of 14 kN,
28 kN and 42 kN were applied between the layers for comparison with Gu et al. [39] to produce
similar contact pressures. For the side rolling trials, the entire wall was built on a portable
aluminium backing bar. While the specimen remained clamped to this backing bar, it was rotated
by 90° and side rolled against a H13 tool steel backing bar, as shown in Figure 1 (c). The post-
deposition side rolling loads were 11 kN, 22 kN, 44 kN and 66 kN. The side rolling setup and wall
dimensions were comparable to those in Honnige et al. [14], who performed the first side rolling
trials on a Ti-6Al-4V WAAM wall. The contact during side rolling was along the entire width of the
20 mm wide roller, while the contact of vertical rolling was limited to the wall width and plastic

deformation was limited to the top of the deposit. The applied loads for both rolling processes



are therefore not comparable, but consistent with the respective references for vertical rolling

[39] and side rolling [14]

2.1 Measurements

An optical microscope, a calliper and a height gauge were used to determine the cross-sectional
wall and layer geometry, as well as the out-of-plane distortion D of the substrate, as shown in
Figure 2. Vickers micro hardness testing was carried out along the entire centreline of the cross
section from the bottom of the substrate to the top of the wall, as shown in Figure 3 (a). The

indents were spaced 0.5 mm and a load of 200 g was applied for 15 s.

200 mm
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Clamping e " Surface of distorted substrate

Figure 2: Schematic of the measurement of the out-of-plane
distortion D of the substrate

Measurement

Rolled Area

The residual stress measurements were carried out with the ENGIN-X time-of-flight neutron
diffractometer at the ISIS pulsed neutron source of the Rutherford Appleton Laboratory at
Harwell [43]. The instrument is optimised to accurately measure lattice spacing of planes in the
crystallographic lattice. It does so by using a polychromatic neutron beam, which allows
simultaneous refinement of several peaks corresponding to different atomic planes. Changes in
plane spacing at different specimen location correspond to strains in these locations. The residual
stress calculation was based on this crystallographic lattice strain [43]. Although a polychromatic
beam was used, the neutrons are pulsed and the instrument uses the time-of-flight of the arriving
neutrons (from source to detector) to determine its energy and consequently the corresponding
wavelength. The time-of-flight range was chosen to refine the following four families of
crystallographic planes {311}, {220}, {200} and {111} with a nominal d-spacing of ds;; = 1.218 A,
dazo = 1.428 A, daoo = 2.020 A and di11 = 2.332 A respectively. All four planes were measured
simultaneously, to determine the lattice parameter a by using Pawley refinement [44]. A counting
time corresponding to a proton current of 10 YA (equivalent to 8 min per point) was sufficient to
achieve a good intensity profile for the eleven 2x2x2 mm gauge volumes located in the vertical
centreline of the specimen and orientated in the 3 orthogonal principal directions. Figure 3 (b)
shows the setup for the z-scan during the measurement of the transverse and longitudinal
direction. Subsequent rotation around the y-axis by 90° allowed the measurement of the
remaining normal direction. Electro discharge machining was deployed to produce stress-free
reference samples for each rolling condition to establish the individual unstrained lattice

parameter ao. Lattice strain and residual stress have been calculated using eq. (1) and (2),
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where oy is the stress in the global longitudinal direction; &; the measured strain in each
orthogonal direction; E and v are the engineering elastic constants (E = 73.1 GPa; v = 0.33 [45])
for 2024 alloy. The error of the residual stress calculation was determined by error propagation
of the lattice parameter fitting error during Pawley refinement, which was carried through the
strain and then stress calculation [15]. The ENGIN-X instrument has two detectors, which allow
the simultaneous measurement of two principal directions. During the measurements of the
stress-free ag reference, it was established, that the north detector measured a-values that were
on average 2.75 x 10~% A smaller than those measured by the south detector. Therefore the
strained lattice was always compared against the ag taken from the same orientation using the
same detector. This minimises the systematic error and mitigates the potential influence of
texture and anisotropy of the stress free lattice, to ensure the measurement of macroscopic

stress only.
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Figure 3: (a) Location of the eleven gauge volumes and hardness plot line in the cross section of the specimen; (b) setup on the ENGIN-X
neutron diffraction strain scanner

3 Results
3.1 Geometry

The control specimen is shown in Figure 4 (a), consisted of 9 layers and was 24.3 mm high. The
effective wall width was 5.5 mm, which is the inside width that contains bulk material and
excludes the convex portion of each layer [4]. The effect of vertical inter-pass rolling and side
rolling on the geometry and surface condition is shown in Figure 4 (b-d) and (e-h) respectively.
While the surface waviness was increased visibly by vertical rolling, it was smoothened by side
rolling. However, as the surface waviness varied along the length and height of the wall, side
rolling only resulted in partial contact, especially for lower loads (Figure 4 (e)). Vertical inter-pass
rolling reduced the average layer height of 2.7 mm in the control specimen and increased the
effective wall width to the values summarised in Table 2. It shows a significant increase of the

wall width to nearly double the control wall in the case of 42 kN rolling load.
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Table 2: Influence of vertical inter-pass rolling on layer geometry

control 14 kN 28 kN 42 kN
number of layers 9 10 14 18
total height [mm] 24.3 235 233 24.0
average layer height [mm] 2.70 2.35 1.66 1.33
effective wall width [mm] 55 5.9 8.3 10.3
vertical strain €; [%] - -13.0 -38.5 -50.7
transverse strain gy [%)] - +7.3 +50.9 +87.3

Since side rolling was performed after the wall was completed, the layer dimensions were
comparable to the control specimen prior to rolling. 11 kN and 22 kN side rolling load influenced
the surface waviness of the walls, but did not change the total height or effective wall width of
the specimen to the accuracy of the measurement. Increasing the load to 44 kN and 66 kN
increased the total wall height by 0.5 mm (g, = +2.1 %) and 0.8 mm (e, = +3.3 %) respectively and

decreased the effective wall width by 0.1 mm (g, = -1.8 %) and 0.3 mm (g, = -5.5 %) respectively.
(a) control (b) 14 kN vertical (c) 28 kN vertical (d) 42 kN vertical

Effective wall width

(e) 11 kN side (f) 22 kN side . (g) 44 kN side

~ Partial contact
" due to surface waviness

Extensive contact

Figure 4: wall shape of (a) the control specimen, (b-d) the vertical inter-pass rolled specimen and (e-h) the side rolled specimen.

Figure 5 (a) shows how vertical inter-pass rolling reduces the distortion to negligible values with
increasing load. Side Rolling inverted the distortion as shown in Figure 5 (b). Hence the side rolling
process elongated the deposit more than necessary to eliminate the distortion. Since the 11 kN
load resulted in random partial contact with the wall due to its” waviness (Figure 4 (e)), a further

reduction of the load was therefore not considered reasonable.
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Figure 5: Reduction of out-of-plane distortion D (as per Figure 2) of the control sample by (a) vertical inter-pass rolling and (b) side rolling

3.2 Hardness

The results of the micro hardness test of the vertical inter-pass rolled and the side rolled
specimens are shown in Figure 6 (a) and (b) respectively. The hardness of the control sample is
fairly constant between 75 HV and 85 HV along the wall height, after being slightly higher near
the interface with the substrate (~90 HV), which has a higher Mg and Si content, due to the 6082
plate used. Up to 18 mm above the substrate, the sample that has been inter-pass rolled with the
14 kN load shows the same values as the control sample. The 28 kN and 42 kN profiles are
approximately 20 HV and 25 HV greater. Above 18 mm all inter-pass rolled samples show a linear
increase in hardness near the top of the wall, reaching a value that is approximately 30 HV higher
than the rest of the wall. The side-rolled samples show an increase in hardness, which is rather
irregular along the wall height. On average however, the mean hardness increases with increasing
rolling load. The 66 kN side rolled sample shows the highest hardness value of 110 + 10 HV in the

region where the wall has been rolled.
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Figure 6: Hardness plots of the (a) vertical inter-pass-rolled walls and (b) side-rolled walls

3.3 Residual Stress

A typical diffraction spectrum is shown in Figure 7 (a), which shows that all the crystallographic
planes appear very clear, allowing good accuracy for the fit. The fitting error of the lattice
parameter a; was always less than +2 x 10 A, corresponding to less than 50 x 10 strain. Across
the spectrum, several Al,Cu B-peaks could also be identified, based on the tetragonal phase
dimensions ag = 6.067 A and ¢ = 4.874 A [46]. The identified peaks of both phases are indicated

in the spectrum.
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Figure 7: typical time-of-flight spectrum of 2319 WAAM material showing planes of the Al matrix and Al;Cu - 6 phase;

The stress-free lattice parameter ap has been found to be virtually isotropic in each sample.
However, between the different rolling treatments, there are considerable variations. The

average ap of the as-deposited control specimen and the side-rolled specimen is 4.0427 A. The ap
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of the 14 kN inter-pass rolled sample was 4.0426 A and is similar in size. The lattice parameters
of the 28 kN and 42 kN specimens however were 4.0437 A and 4.0441 A respectively, and
therefore significantly larger than the other two, as these values represent a pseudo strain of
247 x 10°® and 346 x 10°°.. The 8 peaks have not been used for stress calculation, but this phase
can contain compressive stress, because the thermal expansion of this tetragonal phase is
anisotropic: In the normal c-direction of the tetragonal unit cell the expansion is comparable to
aluminium, while the expansion of its’ basal a-directions are significantly lower. This can result in
thermally induced interphase stresses [47], which is beyond the scope of the present data
analysis. However, a relatively large gauge volume compared to the specimen can compensate
this, which allows representative macrostrain measurements. Table 3 shows that the identified
peaks agree exceptionally well with values calculated from the unit cell dimensions from Bradley
and Jones [46], using eq. (3),

1 h? + k% [? (3)
Z- T e

where h, k and | are the Miller indices of the plane and a and c are the lattice parameter of the
body-centred-tetragonal (BCT) Al,Cu unit cell. Hence it can be concluded that precipitates in this
study do not contain significant thermally induced residual stresses that could influence the

behaviour of different planes in the aluminium matrix.

Table 3: Spacing of selected 8-phase planes, averaged from both detectors

phase {202}e {310}e {112} {220}
Measured by present authors 1.8997 +9.4e-4 A 1.9181+2.8e-4 A 2.1193+9.4e-4 A 2.1445+75e-4 A
from Bradley and Jones [46] 1.8997 A 1.9182 A 2.1190 A 2.1447 A

Figure 8 (a) and (b) show the calculated residual stress profiles after vertical inter-pass rolling and
side rolling respectively in the three principal directions, of which the longitudinal ones are
responsible for the out-of-plane distortion D of the substrate. In the clamped condition, the
as-deposited longitudinal residual stresses are near the as-deposited flow strength of 130 MPa
[38] and virtually constant along the wall height (z-direction). After unclamping, which allows the
sample to distort, the longitudinal stress decreases linearly in build direction, becoming even
compressive at the top. Similar results have been obtained for steel and Ti-6Al-4V WAAM [12]-
[14], [17]. In the vertical inter-pass rolled samples shown in Figure 8 (a), the 28 kN profile is fairly
constant up to 14 mm above the substrate at approximately 60 MPa. The 42 kN profile is similar,
but shows an increase between 10 mm and 14 mm up to 100 MPa. The top 7 mm of both show
compressive stress, induced by the last rolling step. It should be noted that the distortion in both
samples were identical. The 14 kN profile however, which is the one that contained only a little

residual distortion, also shows the compressive region at the top. But its entire profile has a linear
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trend with values almost identical to the unrolled profile as opposed to the other two inter-pass

rolled profiles.
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Figure 8: Principal residual stress modification after (a) inter-pass rolling and (b) side rolling, compared to the materials yield strength
of 130 MPa [38].

The profiles of the side-rolled samples are plotted in Figure 8 (b). Bearing in mind that all side-
rolling loads used during this study inverted the distortion, and hence the rolling loads were too
high, all stress profiles except one appear to be compressive and constant along the z-axis at
about -50 MPa. The 11 kN load had a slightly higher stress near the substrate and was similar in
shape and magnitude to the control sample. In terms of the residual stresses in the transverse
and normal directions, the unrolled and the side-rolled samples, as well as the 14 kN inter-pass
rolled sample are negligible or slightly compressive. The transverse direction of the 28 kN and
42 kN inter-pass profiles are negligible up to 10 mm above the substrate. Between 10 mm and

the top of the wall both show a tension-compression pattern similar to the longitudinal direction,
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indicating a three-dimensional stress state. The normal direction of both high inter-pass rolling

loads appears similar to the transverse direction, but altered by approximately +50 MPa.

4 Discussion
4.1 Residual Stress & Distortion

The magnitude of the longitudinal tensile residual stress after deposition while the sample
remained clamped was near the yield strength of as-deposited 2319 as reported by Gu et al. [38].
This suggest that the material developed residual stresses during cooling that exceeded the flow
stress at respective temperatures, which was observed before during the deposition of steel .[12],
[13]. Due to the low as-deposited strength of 130 MPa [38] and the inferential low elastic strain
(¢ 0,/E) considering the Young’s modulus E = 73.1 GPa [45], the level of distortion is relatively
low compared to other metals after unclamping [12], [14], [48], [49]. Mitigating distortion in
additively manufactured aluminium alloys (for example with rolling) is therefore easier compared
with other metals.

4.1.1 Vertical Inter-Pass Rolling

Indeed a load of 28 kN was sufficient to virtually eliminate distortion. To put this into context, the
elimination of distortion with steel and Ti-6Al-4V deposits has not been possible at all in this way
and caused the structure to fracture instead [12], [33], [50]. The residual stresses plots in Figure 8
indicate that rolling produced compressive stresses in the longitudinal direction near the top of
the wall. Underneath and at the top surfaces tensile stresses were produced. As explained in
Colegrove et al. [12], the final residual stress state is a consequence of the competition between
the emergence of the tensile residual stresses during deposition and the field size of the
compressive stresses produced by rolling. The significant tensile stresses underneath the
compressive rolled region would suggest that the influence of the deposition process is greater
(Figure 8). Nevertheless their magnitude is relatively low due to the low yield strength in the as-
deposited state. The top-most stress gauge volume seems to be barely affected by the last rolling
step, which can be attributed to friction between roller and wall that prevents plastic flow in the

top of the wall in the interface with the roller [51].

The reasons why vertical inter-pass rolling is successful in eliminating distortion of aluminium
deposits (unlike steel and titanium) could be due to several reasons. As stated above, the
distortion with aluminium is relatively low, therefore less strain is required for its removal in the
first place. Another beneficial property is the great ductility of deposited 2319 alloy, combined
with a significantly larger ultimate strength compared to its yield value (130 MPa / 260 MPa) [38].
The material can tolerate large plastic deformation transverse to the wall direction without

failing, which may facilitate plastic straining in the longitudinal direction. In addition, plastic
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anisotropy and the Bauschinger effect may result in a lower yield strength in the longitudinal
direction after severe plastic work transverse to the wall length [52]. This would also promote
yielding in the longitudinal direction, facilitating the reduction in distortion. Finally, the low yield
strength, and large ductility enables a significant amount of material flow at the interface with
the roller with a relatively modest load which promotes strain underneath the roller at a high

depth.

The residual stress plots in Figure 8 illustrate how high loads generated significant compressive
stress underneath the rolled region, while the lower load (14 kN) had virtually no impact on the
residual stress profile. Cozzolino et al. [51] in their investigations on rolling of welds demonstrated
that increasing rolling loads caused the peak compressive residual stress to increase at a greater
distance from the rolled surface. Therefore the cold worked region with the small load in the
present study will be relatively close to the top of the wall, so it can be relieved by the process
heat from the subsequent layer. This would explain the almost identical stress profile for the small

load compared to the as-deposited wall after unclamping.

In all other measurements of WAAM samples [12], [16], [33], [48], [49] the stresses in the
transverse and normal directions were relatively small in thin walls — hence a plane stress
condition can be assumed. However vertical rolling widened the wall significantly (Table 2),
precluding the plane-stress assumption and enabling the wall to balance stresses through
thickness. In this study, high vertical rolling loads produced compressive stress in the transverse
direction with a peak at around 3 mm to 4 mm below the top of the wall. This compressive stress
seems to be balanced by the material below with a tensile peak at 8 mm to 9 mm below the top
of the wall. The not insignificant stresses in this direction are highly unusual, although the wall
width for the 42kN rolled specimen may facilitate the generation of stresses in this direction. Even
more noteworthy was the strong tensile stresses at the same location in the normal direction,
with a small compressive region near the top of the wall. The only explanation is that the normal
tensile stress at the centre line of the wall is balanced by compressive stress near the wall’s
surface. Unfortunately stresses at the surface were not measured within this study since the
stress gradient across the thickness is normally small. Therefore it would appear that a state of
hydrostatic tension exists within the centre of the wall, 8 —9 mm from the surface.

4.1.2 Side-Rolling

All the loads used for the side rolling investigation inverted the distortion. Hence the 11 kN rolling
load applied to the 20 mm rolling width using a 150 mm roller is still too high to eliminate
distortion in the 6 mm thick aluminium wall manufactured with WAAM. Compared to a Ti-6Al-4V

wall with the same dimensions, where 130 kN produced a zero-distortion part, [14] 11 kN is very
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low. The reason why such a low load is sufficient, is as stated above the small residual distortion
and small nominal strain required to balance the stress produced by deposition. A second reason
is that the aluminium wall already contains longitudinal tensile stresses near the yield value so
straining the material by rolling instantly deforms the wall plastically. This is different to titanium
for example, where the wall needs to be rolled with a sufficiently high load to first yield and then
plastically deform the material before the tensile residual stress can be effectively redistributed
[14]. The side surface of the aluminium wall is rather uneven, which is why the roller did not touch
the wall surface over the entire roller width when using a rolling load as low as 11 kN
(Figure 4 (e)). This caused non-uniform straining along the wall height and length, which is why
further decreasing the load was not considered reasonable. Machining prior to rolling (down to
the effective wall width for example) could overcome the issue by providing a constant contact
pressure during the flat roller contact. It is furthermore expected that walls much wider than
those used in the present paper can successfully be side rolled for distortion control. However,
the occurrence of through thickness stress variations after side rolling of thicker sections should

be expected.

In general, side rolling is more effective than vertical inter-pass rolling in respect to residual stress
and distortion reduction for a given load. Furthermore, side rolling is applied only once to the
final part instead of after each layer, so the impact on productivity is considerably less. However
side cannot be easily applied to complex shapes that involve close features and intersections
which cannot be accessed easily [14]. The results however encourage the design of a pinch-rolling

device with potentially smaller roller diameter.

4.2 Hardness
The increased average hardness of the side-rolled samples with increasing rolling load
(Figure 6 (b) is due to work hardening. The random increase across the wall height is due to

variations in wall width which concentrates the strain under the roller contact.

The average hardness within the bulk material of the 14 kN vertical inter-pass rolled sample is
83 HV and is similar to the unrolled control sample (Figure 6 (a). As stated above, this load had
virtually no effect on the residual stress profile because the deformation was likely to be
concentrated near the top surface. Therefore any work hardening caused by this load will be
eliminated by the heat from the subsequent layer. The hardness of the 28 kN and 42 kN inter-
pass rolled walls was significantly higher (Figure 6a) and are similar to the values reported by Gu
et al. [38]. This might be attributed to work hardening, when the deformation reaches to a greater
depth than the thermal field annealing the material. However it is also credible that an improved

microstructure contributes to the increase in hardness/strength. The fact that the stress free
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lattices of the inter-pass rolled specimens for both higher loads are significantly larger than the
unrolled one suggests the following explanation: It is known that the aluminium lattice parameter
a typically decreases by 0.0048 A (g = -1185 x 10°°) per atomic percent copper added to the alloy
[47]. The larger stress free lattice parameter gg of the inter-pass rolled samples bears the evidence
for a decreased solutionised copper content in the aluminium matrix. In conclusion, the copper
must have formed precipitates that could also contribute to an increase in strength, depending
on their size. Finally, the even further increase in hardness in the top of each vertical inter-pass

rolled specimen compared to the bulk material is caused by work hardening only.

Figure 9 (a) shows a relationship between the measured hardness of the bulk material and the
average lattice size in the same region. The aluminium walls that contain less copper in the matrix
are proportionally harder than those with a higher content, because the copper could have
formed strengthening precipitates This is possible, as rolling can promote aging, by providing
more dislocations and grain boundaries. These act as segregation sites, where AlCu, can
precipitate. The promoted and inherent aging, which is triggered by the process heat of the
subsequent layer after rolling, presumably increases the strength of inter-pass rolled alloy. Gu et
al. [38] reported on the increased amount and more randomly distributed copper-aluminium
precipitates in the rolled samples, compared to the as-deposited state. The SEM images in
Figure 9 (b) and (c) taken from Gu et al. [38] show the 8 phase precipitates on grain boundaries
and dendrites and how the number of grains and grain boundaries grew when inter-pass rolling
was implemented during the build. However, it important to note that it is not the morphology
of this 8 phase that is responsible for the strength increase in this alloy, but instead the much
smaller 8“ precipitates, which are semi-coherent with the aluminium matrix and cannot be

resolved with neutron diffraction.
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Figure 9: (a) Correlation between hardness and increased lattice parameter versus applied inter-pass rolling load; SEM images showing
the morphology of Al2Cu 6 phase in the (b) as-deposited wall and (c) the inter-pass rolled wall (c) [38]
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5 Conclusion

In this study the effect of vertical inter-pass rolling and post-deposition side rolling on 2319

aluminium walls produced by Wire + Arc Additive Manufacture have been investigated. It was

demonstrated that:

1.

The longitudinal residual stress without cold rolling can be as high as the material’s flow
strength in the as-deposited condition. The distortion in asymmetrically built parts can
be significant, but is generally lower than other metals due to the low yield strength in

the as-deposited state for this aluminium alloy.

Vertical inter-pass rolling modifies the residual stress in aluminium WAAM and it can

eliminate the distortion unlike previous investigations on Ti-6Al-4V and mild steel walls.

Vertical inter-pass rolling work hardens the material and promotes dissolution of copper
from the matrix. It is possible that this has facilitated natural aging of the material, which

in combination with the work hardening provides improved yield and tensile strengths.

Post-deposition side-rolling is very effective for controlling residual stresses and
distortion in aluminium parts manufactured with WAAM and it increases the hardness by

work hardening.
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