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Abstract: Wire - arc additive manufacture (WAAM) has great potential for manufacturing of Al-Cu components.
However, inferior mechanical properties of WAAM deposited material restrict its industrial application. Inter-layer cold
rolling and thermo-mechanical heat treatment (T8) with pre-stretching deformation between solution and aging
treatment were adopted in this study. Their effects on hardness, mechanical properties and microstructure were analyzed
compared to the conventional heat treatment (T6). The results show that cold rolling increases the hardness and
strengths, which further increase with T8 treatment. The UTS of 513 MPa and YS of 413 MPa can be obtained in the
inter-layer cold-rolled sample with T8 treatment, which is much higher than that in the as-deposited samples. The
cold-rolled samples show higher elongation than that of as-deposited ones due to significant elimination of porosity in
cold rolling; while both the T6 and T8 treatments decrease the elongation. The cold rolling and pre-stretching
deformation both contribute to the formation of dense and dispersive precipitated 6’ phases, which inhibits the
dislocation movement and enhances the strengths; as a result, T8 treatment shows better strengthening effect than the
T6 treatment. The strengthening mechanism was analyzed and it was mainly related to work hardening and precipitation
strengthening.
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arc additive manufacture (WAAM) has great

1 Introduction

Al-Cu alloy is widely used in aerospace field
with the advantages of light weight, high specific
strength, excellent weldability and low-temperature
performances (-270°C~300°C) [1]. Al-Cu alloy is
the key material of aerospace components, such as
fuel tanks of launch rocket, fuselage and skin of
supersonic aircraft and cryogenic tanks [2]. Wire -

potential for the manufacturing of key components
in aerospace [3-4]. However, inferior mechanical
properties of the WAAM deposited material in
comparison with wrought components restrict its
application in industry [5-6].

Al-Cu alloy is a type of precipitation
strengthened alloy, and the solution and artificial
aging heat treatment (T6) is essential for the
strengths enhancement [7]. The alloying elements
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are dissolved and supersaturated solid solution is
generated during the solution treatment; meanwhile,
the strengthening particles (Al-Cu eutectics)
precipitate  into the matrix during the
subsequentaging process. For Al-Cu alloy, the

sequence of the precipitation is described as follows:

Guinier-Preston (GP) zones (monoatomic layer) -
0" phase (fully coherent) - 8" phase (semi-coherent)
- 0 phase (incoherent) [8-9]. The mechanical
properties of Al-Cu alloy can be further enhanced
by thermo-mechanical treatment (T8). The
pre-deformation was applied between the solution
and aging process in T8 treatment, which
accelerated the formation of uniformly distributed
strengthening phases [10]. The type of the
pre-deformation  consisted of  pre-stretching
deformation, cold compression and cold rolling.

Many previous studies on T8 treatment of
Al-Cu alloy had been published. He [I1]
investigated the variation of dissolution for Al.Cu
particles under different cold pre-deformation after
solution. The increase of pre-deformation strain was
beneficial for an increased number of dissolved
ALCu particles and a significant increase in
ultimate tensile strength. Li [12] studied the
variation of hardness of aged Al-Cu—Mg alloy
under different pre-deformations after
solution. With the increased pre-deformation, the
peak value of the hardness increased and it reached
the peak value with a shorter time compared to that
without  pre-deformation. = Meanwhile,  the
pre-deformation could increase the mechanical
properties and shorten the aging time for 2219
forgings [13]. The pre-deformation increased the
dislocation density and induced dense 0’ phases
with smaller size [14], resulting in further increase
of strengths. The pre-deformations were beneficial
for the grain size decrease and the change of the
distribution of precipitates. Additionally, it also
changed the width of precipitation free zone, thus
also improving the corrosion resistance of the alloy
[15].

A few researches on WAAM deposition of
aluminum alloy had also been published. Gomez
[16] studied the effects of the parameters on the
width, height of one-layer deposition material.
Cong [17] and Fang [18] investigated the effect of
arc modes in cold metal transfer (CMT) on the
porosity of Al-Cu alloy. Pulse and advanced
(CMT-PA) was suitable for deposition of aluminum

alloy due to its excellent performance in decreasing
porosity compared to other CMT modes. Gu [19]
integrated inter-layer cold rolling to the WAAM
deposition aluminum alloy. The porosity decreased
with increased rolling force. Meanwhile, the
microstructure was obviously improved and
mechanical properties were significantly enhanced
with cold rolling process [20].

However, despite the obvious increase of elongation
in inter-layer cold rolling, the strengths of
cold-rolled Al-Cu alloy after T6 heat treatment were
almost the same to that of WAAM deposited [21].
T8 heat treatment was proved to be helpful in
increasing the strengths of Al-Cu alloy. Therefore,
how to further increase the strengths through
different heat treatment and its combination with
cold rolling process needed to be further studied. In
this study, inter-layer cold rolling followed by T8
treatment was integrated to the WAAM process of
2219 alloy. Meanwhile, the precipitation and
fracture morphology were studied. Finally, the
strengthening mechanism of the material in
inter-layer cold rolling process with T8 treatment
was also discussed.

2 Experiments

2.1 Set up of hybrid WAAM deposition and
inter-layer rolling

The experimental set up of hybrid WAAM
deposition and rolling system is shown in Figure 1.
The wire diameter of ER2319 aluminum alloy was
1.2 mm. The WAAM deposition system was made
up of a CMT power source (Fronius CMT 4000
advanced), a wire feeder (Fronius, VR 7000), a
CMT torch with local shielding device and a 6-axis
robot (ABB IRB2400). The cold rolling system
consisted of a hydraulic cylinder, a load cell, a flat
roller and a CNC system.

The CMT-PA mode was applied due to its
advantage of the porosity decrease in as-deposited
aluminum alloy [17]. Two comparative walls were
built: as-deposited and inter-layer cold-rolled. After
the WAAM deposition of one layer, the roller was
moved to the top surface of the deposited layer. The
rolling force was set to the certain value controlled
by the hydraulic cylinder. Compressive rolling
deformation was applied on the top surface on each
deposited layer through the roller, in which different
rolling forces can be adjusted. The inter-layer
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cold-rolled samples can be obtained with
alternating one-layer deposition and one-layer cold
rolling process. The parameters for WAAM
deposition and inter-layer cold rolling process were
shown in Table 1.

Wire
feeder

CMT
power
source

Figure 1 Experimental set up of hybrid WAAM
deposition and rolling system

Table 1 Experimental parameters for WAAM deposition
and rolling process

Parameter Value
Contact tip-to-work distance 15 mm
Wire feed speed 6 m/min
Torch travel speed 10 mm/s
Rolling force 0,45 kN
Roller diameter 100 mm
Roller width 20 mm
Roller travel speed 10 mm/s
Inter-layer cooling time 2 mins
Shielding gas flow rate (pure argon) 25 L/min

2.2 Heat treatments

After the establishment of two comparative
walls the effect of heat treatments (T6 and T8
treatment) on microstructure and tensile properties
were comparatively investigated. The procedures of
T6 treatment were described as follows: solution
treatment at 535 °C with a ramping speed of
200°C/h and held for 1.5 h in the furnace followed
by water quenching; artificial aging treatment at
175°C with a ramping speed of 100°C/h and held
for 3 h followed by furnace cooling. The transfer
time from solution treatment to water quenching
was less than 10 s due to the sensitivity of quenched
aluminum alloy. The pre-stretching deformation of
5% was applied between solution and aging process

in T8 treatment using an electro-mechanical tensile
machine. Laser extensometer was used to monitor
the pre-stretching deformation of the samples. The
electro-mechanical tensile machine was
immediately stopped when the pre-stretching
deformation reached 5%. The temperature and
soaking time in T8 were the same with that in T6
treatment.

2.3 Analysis methods

After WAAM deposition and rolling process,
samples were cross-sectioned for microstructure
observation and hardness
Zwick/Roell hardness tester was adopted with an
interval of 1 mm along the vertical direction under a
load of 200 g and a holding time of 15 s.
Microstructure and second precipitates were
observed using an optical microscopy (OM,
OPTIPHOT, NIKON) and a scanning electron
microscopy (SEM, FEI XL30-SFEG). Meanwhile,
element analysis of different precipitates was
analyzed using an energy dispersive spectrometry
(EDS, OXFORD INSTRUMENTS). The
precipitated phases after different heat treatments

measurement.

were observed by a transmission electron
microscopy (TEM, FEI Titan G2 60-300).
Tensile coupons were machined along

horizontal (X) and vertical (Z) direction of the walls.
Tensile tests at room temperature were conducted
on an Instron 5500R electro-mechanical machine
with a load cell of 30 kN and a crosshead speed of 1
mm/min. Laser extensometer was used to measure
the variation of gauge length during the tensile test
for the calculation of the elongation. Three samples
were tested for each condition and the average
value as well as the error bar was obtained.

3 Results and discussions

Table 2 shows the size and strain of
as-deposited and cold-rolled walls. The average
layer thickness decreased from 2.2 mm in
as-deposited condition to 1.24 mm in inter-layer
cold-rolled condition with a rolling force of 45 kN.
As described by Gu [19], inter-layer rolling with the
force of 45 kN shows effective effect in eliminating
the porosity of Al-Cu alloy even after heat
treatment. The calculation method of strain for each
layer was shown in Eq.(1). The strain of 43.6% can
be obtained under the inter-layer cold rolling force
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of 45 kN. The width of the inter-layer cold-rolled
wall increased to 11.7 mm compared to that of 6.5
mm in as-deposited wall. The width of the wall
significantly increased during the vertical cold
rolling as there was no constraint in the width
direction.

_ ap ~her. %x100% (1)
hap
where hAD is the layer height of WAAM
deposition, hCR is the layer height after cold rolling

process.

Table 2 Size and strain of as deposited and cold rolled walls

Layers  Total height  Average layer Strain (%)  Wall width
(mm) height (mm) (mm)
AD 54 118.8 2.20 / 6.50
CR (45kN) 79 97.9 1.24 43.64 11.70

AD: as deposited; CR: cold rolled

3.1 Hardness

Table 3 shows the hardness variation of the
as-deposited and cold-rolled samples. There is a
hardness increase of 26 HV for the cold-rolled
sample compared to that in as-deposited condition.
The work hardening induced by the cold rolling
process increases the dislocation density inside the
material and thereby resulting in a hardness
increase. The hardness in the as-deposited sample
increases obviously after solution treatment; while
there is no distinct hardness increase in the
cold-rolled condition. Therefore, the hardness
difference between the as-deposited and cold-rolled
samples is quite small after solution treatment. The
T6 heat treatment significantly increases the
hardness for both the as-deposited and cold-rolled
samples, indicating that the precipitation
strengthening mechanism in the aging treatment
contributes to the increase of hardness. However, it
can be seen that the hardness difference between
as-deposited and cold-rolled samples can be
neglected after T6 heat treatment, which is quite
difference from that before heat treatment.

Table 3 Hardness variation under different treatments

Hardness AD CR
Before heat treatment 74+2.4 100+1.6
Solution 100.7+£3.5 102.2+3.8
T6 139.2+4.4 143.7+4.4
T8 152.4+6.7 163.9+4.0

The hardness increases obviously with the
pre-stretching strain in T8 treatment and its value is
much larger than that in T6 treatment for both the
as-deposited and cold-rolled samples. In addition,

the hardness difference between the as-deposited
and cold-rolled samples in T8 heat treatment is
larger than that in T6 heat treatment. It can be
inferred that the hardness of the cold-rolled sample
increases further with T8 heat treatment and the
pre-stretching process plays a vital role in hardness
increase.

3.2 Microstructure

Figure 2 shows the microstructure with
different heat treatments. Fine dendrites and
equiaxed grains are formed in as-deposited material
due to the low heat input of CMT-PA mode, while
the columnar dendrites are more likely to appear in
conventional CMT mode. The average grain size of
as-deposited sample is 65.4 um before heat
treatment and it increases to 72.8 pum in T6
treatment; however, it decreases drastically to 33.2
pum in T8 treatment.

Fine dendrites and small equiaxed grains
change to banded structure in the cold-rolled
condition, as shown in Figure 2(d). Meanwhile, the
dislocation inside the material obviously increases
with the rolling process, thus more deformation
energy of the material is accumulated. Sufficient
deformation energy and high temperature are
essential for the recrystallization process and the
grain refinement. With the subsequent new-layer
deposition, the transient heat input will trigger the
recrystallization process. As a result, the banded
structure changes to equiaxed grains. The banded
structure changes to equiaxed grains with the
average grain size of 58.4 um after T6 treatment.
This is because of the recrystallization process
triggered by the heat input from the high
temperature in solution treatment. Recrystallized
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nuclei appear at grain boundaries of the banded
structure and then grow up into recrystallized grains
with certain grain size during the solution treatment.
Similar to the variation of grain size of as-deposited
sample, the average grain size of the cold-rolled
sample decreases to 25.1 um in T8 treatment, which
is smaller than that in as-deposited condition.
Although CMT-PA mode is beneficial for
porosity reduction in WAAM deposition process,
the porosity cannot be completely eliminated with
this mode, as shown in Figure 2(a). The T6
treatment increases both the number and the volume
fraction of the porosity; while T8 treatment
decreases them. The cold rolling process
significantly decreases the size and the volume
fraction of porosity with a load of 45 kN. Only a
few smaller porosities (less than 10 um) appear
after heat treatments, which are quite smaller than
that in as-deposited samples. The obvious solubility
difference between solute atoms and solvent atoms
induces the undissolved hydrogen, which is the

(a) As-deposited

(d) Cold-rolled

(e) Cold-rolled in T6 treatment

main factor for the formation of porosity in solution
treatment. The second phase particles (Al,Cu) are
dissolved into the matrix and the dislocation density
is recovered at high temperature during solution
treatment. According to Anyalebechi’s [22] results,
the second phase particles and dislocation provide
positions for the nucleation of porosity. The
dissolution of second phase particles and the
decreased dislocation during heat treatment both
cause vacant sites inside the material, which
contributes to the formation and growth of porosity.
As a result, the number and the volume fraction of
porosity both increase at high temperature in
solution treatment. Wolfer [23] concluded that the
solubility of hydrogen increased linearly with the
increased dislocation density inside the material.
The pre-stretching deformation in T8 treatment
plays a vital role in the enhancement of dislocation
density, which accelerates the dissolution of
hydrogen and decreases the volume fraction of
porosity.

(f) Cold-rolled in T8 treatment
Figure 2 Microstructure variation with different heat treatments

Table 4 Tensile test results of 2219 alloy

AD UTS/MPa YS/MPa Elongation (%) CR UTS/MPa YS/MPa Elongation (%)
Before HT ~ 267.3+2.9 12743.8 19.2+1.2 Before HT =~ 334.6+5.2 272423 14. 8+1.8
S 373.7¢1.4 1742453 22.3+0.8 S 403.8+1.6  183.7+4.9 30.5+1.2
T6 450.5¢11.9  297.443.3 13.9+0.9 T6 458+1.3  292.4+12.8 18.8+4.9
T8 478.9+8.8  384.2+7.2 10.4+0.5 T8 513.4+2.8  412.9+0.1 14.1+1.62

HT: heat treatment; S: solution treatment



3.3 Tensile properties

There is no evident anisotropy of tensile
properties for both the as-deposited and cold-rolled
2219 alloy samples [21]. This may be explained in
that the low heat input of CMT-PA mode results in
equiaxed grains for both the as-deposited and
cold-rolled conditions, which is essential for the
isotropic tensile properties. Therefore, in this study,
only the horizontal tensile test results are
investigated, as shown in Table 4. Compared to the
as-deposited sample, the cold rolling significantly
increases the strengths and reduces the elongation.
This suggests that the work hardening induced by
the cold rolling process increases the strengths of
the material, which in turn decreases the elongation.
The solution treatment shows different effect on the
variation of the UTS and YS. The solution
treatment increases the UTS and elongation for both
the conditions. The YS of the as-deposited sample
increases in solution treatment, while it decreases
for the cold-rolled condition. This may be explained
in that the increased dislocation density resulting
from the cold rolling process will be recovered at
high temperature in solution treatment. The
accumulated dislocation density enhances the YS
before heat treatment; while the decreased
dislocation density may lead to decrease of YS due
to the recovery mechanism in solution treatment. It
should be noted that the elongation in the
cold-rolled sample is larger than that in
as-deposited material in solution treatment, which is
opposite to that before heat treatment.

The T6 treatment significantly increases the
strengths and decreases the elongation for all
samples. As 2219 alloy is a precipitation
strengthened alloy, the precipitation in the aging
process has significant effect in enhancement of
strengths. After T6 treatment, the cold-rolled
sample shows larger elongation than that in
as-deposited material, while the strengths are
almost the same for two conditions.

The strengths can be further increased with
slight decrease of elongation in T8 treatment for all
samples. UTS of 513 MPa and YS of 412 MPa can
be acquired for the cold-rolled samples. It shows
comparative strengths or even exceed the strengths
of wrought material of 2219 alloy. The elongation
of the cold-rolled sample in T8 treatment exceeds or
equals to that before heat treatment, indicating that

the strengths can be significantly increased without
sacrifice of elongation. Therefore, T8 treatment is
beneficial for the improvement of the
comprehensive tensile properties.

3.4 Precipitation

Figure 3 shows the precipitates distribution for
the as-deposited and cold-rolled samples. The white
network-like second phases scatter at both grain
boundaries and grain interiors for as-deposited
condition. The particles are fractured into small
pieces and extended in the rolling direction in the
cold rolling process. The distribution of the
banded-like particles is similar to the banded
structure in cold-rolled samples, as shown in Figure
2 (d) and Figure 2 (d).

The T6 treatment decreases the size of the
particles and improves the uniformity of the
particles distribution for both as-deposited and
cold-rolled samples. The size of the particles further
decreases in T8 treatment accompanied by the
increased volume fraction of particles compared to
T6 treatment. The EDS analysis in Figure 4 shows
that the white particles are Al-Cu eutectics, and the
mass fraction and the atomic fraction of Cu varies
in different heat treatments. The mass fraction of Cu
is 30.05% without heat treatment, and it changes to
41.52% and 24.93% for T6 and T8 treatment,
respectively. Most of the second-phase particles
precipitated in WAAM deposition will be dissolved
into the matrix in the solution treatment as the
solution temperature is close to the Al-Cu eutectic
temperature (543 °C) for 2219 alloy [24]. The
dissolved Cu precipitates in the following artificial
aging process, resulting in the increased mass
fraction of Cu in aging process. However, the mass
fraction of Cu in T8 treatment is smaller than that in
T6 treatment. This may be explained in that the
total content of Cu in the precipitates is constant,
large number of precipitated particles decreases the
mass fraction of Cu in each measured particle in T8
treatment. In addition, the number of porosity in T6
heat treatment increases compared to that without
heat treatment. The heat input from the heat
treatment contributes to the growth of the porosities.
The quantity of the porosity decreases in T8
treatment and it is consistent with the variation of
microstructure results in Figure 2.



50 pm

(a) As-deposited

50 pm

(d) Cold-rolled

Element
Al
Cu

Element
Al
Cu

(a) Without heat treatment
Figure 4 Energy dispersive spectrometry (EDS) analysis of precipitates

3.5 Fracture morphology

The fracture surfaces of the tensile samples
after T6 and T8 treatments are shown in Figure 5.
The angle between the fracture surfaces and the
tensile load direction is near 45°, indicating shear
fracture mode appears for all the samples in T6 and
T8 treatments. According to elastic-plastic
mechanics theory, the angle between the maximum
shear stress and the principal stress is 45° in theory,
in which the principal stress is equal to the tensile
stress in uniaxial tensile test.

The fracture morphology of the tensile
samples is examined with SEM, as shown in Figure
6. Coarser and deeper dimples with second phase
particles inside the particles (marked with yellow
arrow) are exhibited in T6 treatment of the
as-deposited  sample, indicating that the
trans-granular ductile fracture mode is generated, as
shown in Figure 6(a). The number of dimples

(b) As-deposited in T6 treatment

(e) Cold-rolled in T6 treatment
Figure 3 Precipitation phases in as-deposited and cold-rolled 2219 alloy

Wt% Atomic %

58.48 76.83
41.52 23.17

(b) T6 heat treatment

50 pm 50 pm

(¢) As-deposited in T8 treatment

{

i

50 pm (. 50 pm

(f) Cold-rolled in T8 treatment

Atomic %
87.64
12.36

Element

(c) T8 heat treatment

increases accompanied by the decreased dimples
size in the cold-rolled surface, thus contributing to
the formation of uniformly distributed dimples and
a higher elongation. According to the EDS analysis,
these particles are proved to be Al-Cu eutectics.
Primary crack could be initiated in these places as
the particles provide positions for the formation,
coalescence and propagation of microvoids.
Smaller and shallower dimples as well as a few
islands of flat surface are exhibited for both
conditions in T8 treatment, showing a brittle
fracture characteristic. Meanwhile, there are some
porosities and secondary cracks for both the
as-deposited and cold-rolled materials. The fracture
characteristic, porosity and secondary cracks in T8
treatment lead to the decreased -elongation
compared to that in T6 treatment. The microvoids
preferentially appear at the positions of porosity and
second phase particles. The microvoids nucleation
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is triggered when the elastic energy of the newly
formed microvoid positions is smaller than that of
the second phase particles. The propagated
secondary crack resulting from microvoid
coalescence may eventually cause inter-granular
ductile fracture. Meanwhile, the interaction between
the sheared second phase particles and the high
resolved shear stress during tensile test may induce
the trans-crystalline localization [25]. Therefore, the
locally ductile and brittle failure features in T8
treatment may further decrease the elongation.
Nevertheless, the quantity of porosity and
secondary crack is lower for the cold-rolled surface
compared to that in as-deposited sample as the

(c) Cold-rolled in T6 treatment

3.6 Strengthening mechanism

As shown in Table 3, the cold rolling process
significantly increases the hardness compared to the
as-deposited sample. The dislocation density
increases in the cold rolling process, which induced
by the work hardening. Meanwhile, the hardness
also increases after solution treatment; this was
induced by the solution  strengthening.
Supersaturated solid solution will be generated
during solution treatment, and the interaction
between the solute atoms and dislocation may
impede the motion of dislocation and increase the

rolling process contributes to the closure of the
porosity and the crack.

Figure 5 Fracture specimens after T6 and T8 heat

treatments
= ST

(d) Cold-rolled in T8 treatment
Figure 6 Fracture morphology after T6 and T8 treatment

strengths of the material.

After the solution treatment followed by the
pre-stretching  process, the hardness for
as-deposited and cold-rolled samples is 112 HV and
115 HV, respectively. The hardness increment for
as-deposited sample is 12 HV induced by the
pre-stretching process. Meanwhile, the hardness
increment is 13 HV from T6 to T8 treatments for
as-deposited sample. It is interesting that the
hardness increment from T6 to T8 treatments is
equal to that induced by the pre-stretching process
in the as-deposited sample. The hardness increment
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in cold-rolled sample induced by the pre-stretching
process is 13 HV, which almost equals to that in
as-deposited samples. Therefore, the strain induced
strengthening in the pre-stretching process
contributes to the equal hardness increase for both
conditions. Nevertheless, the hardness increment
from T6 to T8 treatments in cold-rolled sample is
20 HV. This increment is larger than that induced
by the pre-stretching process, indicating that the
strengthening mechanism in cold-rolled condition is
different from that in as-deposited samples. This
may be explained as follows: there is a dynamic
variation of dislocation density for the cold-rolled
sample in T8 treatment. The dislocation density first
increases in the cold rolling process before heat
treatment; then it decreases due to the recovery at
solution treatment and finally it increases again in
the pre-stretching process. The complicated
variation of dislocation density in the cold-rolled
sample leads to the change of hardness.

It is interesting that the strengths in the
as-deposited and cold-rolled samples with T6
treatment are almost the same. However, the
average grain size in two conditions is quite
different, as shown in Figure 2. According to the
Hall-Petch relationship, the strength of the material
is in inverse to the average grain size. It can be
inferred that the grain boundary strengthening is not
the predominant strengthening mechanism for 2219
alloy.

Table 5 Tensile results with solution treatment
followed by pre-stretching process

UTS/MPa YS/MPa Elongation (%)
AD 397.3+0.4  317.742.5 16+0.9
CR 413.545.5  339.448.3 18.8+1.8

To investigate the effect of pre-stretching
process on the strengths variation, the tensile
properties with solution treatment followed by
pre-stretching process are measured, as shown in
Table 5. The pre-stretching strain between solution
and aging treatment shows a pronounced increase
of YS and a slight increase of UTS for both
conditions. Similar to the variation of hardness, the
pre-stretching strain plays the equal effect on the
increase of YS for both conditions. The UTS
increment from T6 to T8 treatments is the same
with that from solution to pre-stretching process in
as-deposited samples. However, the UTS increment

from T6 to T8 treatments is much larger than that
induced by the pre-stretching process in cold-rolled
sample.

The precipitation of strengthening phases is
examined by TEM, which is an effective method for
the analysis of the strength variation. As shown in
Figure 7, there are dislocation lines and tangled
dislocations with some acicular precipitated phases
around the dislocations in T6 treatment. The density
and area fraction of ‘tangled dislocations
significantly increase, meanwhile, the tangled
dislocations transform to dislocation cells and
dislocation rings in T8 treatment. It can be inferred
that the pre-stretching process contributes to the
aggregation and slippage of the dislocation in the
matrix of the material, thus leading to the increased
dislocation density. The increased dislocation
provides potential favorable positions for the
precipitated phases due to its high free energy, the
nucleation of these phase and its growth are more
likely to occur at these positions.

T6 treatment leads to heterogeneous
distribution of the strengthening phases as some
parts are densely distributed around the dislocations
while others are sparse precipitated, as shown in
Figure 8 (a). The acicular phases with the length of
70~166 nm prove to be 0" phases according to the
corresponding selected area electron diffraction
(SAED) profile along the {110} Al direction. There
are large amounts of tiny and dense precipitates
around the 6’ phases, which is 8" phases based on
the discontinuous streaks in the SAED pattern along
{020} Al direction. It can be seen that 6" phases are
the main strengthening phases in T6 treatment due
to its high area fraction compared to that of ©’
phases. T8 treatment shows dense and dispersive
distributed 0’ phase and its area fraction is
significantly increased compared to the T6
treatment, which can be deduced from the obvious
increase in the streak intensity along the {110} Al
direction as shown in Figure 8 (b). It is obvious that
some portions of 6" phases have transformed into 6’
phases in T8 treatment and 6’ phases are the main
strengthening phases.

T8 treatment shows denser strengthening
phases with more dispersive distribution compared
to that in T6 treatment, which contributes
significantly to the further increase of strengths.
The strengthening mechanisms for T8 heat
treatment are summarized as follows: first, both the
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cold rolling process and pre-stretching strain
increases the dislocation density inside the material.
The accumulated dislocation density increases the
strengths of the material; that is the work hardening.
Secondly, the increased dislocations provide more
preferential positions for the nucleation of the 6’
phase and accelerate its formation; as a result, the
increased nucleation rate increases the volume
fraction of the 0' phase and reveals a dense
distribution of 8" phases. The dense and uniformly
distributed strengthening precipitates will pin up the
dislocations and inhibit the movement of
dislocation, thus significantly increasing the
strengths of the material. Thirdly, according to Ma’s

100 nm lh

study [26], the metastable plate-like 6’ phases show
a higher shear resistance than the 0" phases.
Therefore, larger volume fraction of 6’ phases after
T8 treatment plays a more effective role in
enhancing the strengths of the material compared to
the dense distribution of 0" phases after T6
treatment. Finally, the formation of massive solute
atom atmospheres can be promoted due to the
increased dislocation density and the accelerated
interaction between extensive solute atoms and
moving dislocation. The formation of massive
solute atom atmospheres also contributes to the
enhancement of strength as they can also be the
nucleation sites for precipitated phases [27].

(b) Wfge®l [T W fad
K. Lo,

/
Ak

Figure 7 TEM micrographs of : (a) T6 heat treatment and (b) T8 heat treatmen

R ’ 50 nm

4 Conclusions

Figure 8 Precipitates distribution of : (a) T6 heat treatment and (b) T8 heat treatment

ure s

Inter-layer cold rolling was integrated to the
WAAM deposition process. The effects of T6 and
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T8 treatments on the microstructure and mechanical
properties were comparatively investigated.

1. The inter-layer cold rolling increases the
hardness and strengths, and decreases the
elongation before heat treatment.

2. The heat treatments increase the strengths and
reduce the elongation. The cold-rolled samples
show larger strengths and higher elongation after T8
treatment compared to that in as-deposited
condition.

3. Fine dendrites and equiaxed grains change to
banded structure in the cold rolling process, and it
transforms to smaller equiaxed grains after heat
treatment. The average grain size can be further
decreased in T8 treatment.

4. Cold rolling and pre-stretching deformation both
increase the dislocation density, and contribute to
the formation of tiny and dense 0’ phases with
dispersive distribution, thus significantly enhancing
the strengths. T8 treatment shows better
strengthening effect than the T6 treatment.

5. Shear fracture and trans-granular ductile fracture
mode are the main characteristic for samples with
T6 treatment; while trans-granular ductile fracture
mode with a brittle fracture characteristic appear on
the fracture surface after T8 treatment.

6.The main strengthening mechanisms of T8 heat
treatment are precipitation strengthening and strain
induced strengthening.
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