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In this study, different pre-stretching and aging processes were applied to spray-formed Al-Cu-Li alloy
2195. The effects of different processes on the microstructures, mechanical properties, and corrosion
behaviors of the alloy were examined. The strengthening and corrosion mechanisms were investigated. The
samples treated with pre-stretching and aging have higher strength than the only aged samples. However,
the strength is not significantly improved with the increase in the amount of pre-stretching. The pre-
stretching treatment can suppress the formations of grain boundary precipitates (GBPs) and precipitate-
free zones (PFZ), and the intergranular corrosion (IGC) sensitivity of the alloy is therefore reduced. The
increase in pre-stretching promotes massive precipitation of the 7, phase, which leads to the negative shift
of open-circuit potential. The over-aging treatment after pre-stretching leads to the growth of the PFZ and
GBPs as well as the coarsening of the 7; phase. These changes in microstructure cause a decrease in
mechanical properties and the re-sensitivity to the IGC. Under the same pre-stretching deformation, the
two-step aging treatment (110 °C/12 h + 160 °C/24 h) can result in more intensive precipitation of the 7,
phase, which enhanced the strength to a higher level. Meanwhile, the two-step aged alloy was immune to the
IGC. The evolution mechanism of IGC for the alloy with different pre-stretching and aging processes was

proposed based on the TEM characterization and the observation of IGC morphology.
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1. Introduction

In recent years, Al-Li alloys have attracted great interest in
aerospace applications due to their high specific strength,
specific stiffness, and low density (Ref 1, 2). This light alloy
offers significant weight reduction and fuel savings for aircratft,
so it can increase the aircraft capacity and range (Ref 3, 4). The
problems of poor ductility and toughness in earlier generation
AL-Li alloys have been solved in the new third-generation
alloys by reducing Li content (about 1 wt.%) and increasing Cu
content (usually more than 3 wt.%) (Ref 4, 5). The improved
Al-Li alloys have been widely used as substitutes for 2000 and
7000 series aluminum alloys in the manufacture of air and
space equipment (Ref 5).

The third-generation Al-Li alloy 2195 is a kind of heat-
treatable alloy. The mechanical properties of the alloy are
predominated by the precipitates in the matrix. The microstruc-
ture evolution during heat treatment and its effect on mechan-
ical properties have been reported in recent years (Ref 6-15).
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Kim et al. (Ref 6) carried out various aging treatments on 2195
alloy plate and found that the 7; phase is the main strength-
ening phase, which improved significantly the strength of the
alloy. According to the nucleation mechanism of the 7; phase,
the dislocations in the matrix introduced by pre-deformation
before aging can promote precipitation of this phase (Ref 7-9).
Rodgers and Prangnell (Ref 10) carried out different pre-
stretching on alloy 2195 and studied the quantitative relation-
ships among the pre-stretching, microstructure, and strength
increment. In addition to the pre-deformation treatment, a two-
stage or multi-stage aging processes can also form the dense
precipitation in the matrix. Rioja et al. (Ref 11) found that the
high strength and good toughness of the Al-Li alloys 2090 and
8090 can be obtained by a two-stage aging process. Romios
et al. (Ref 12) improved the mechanical properties of the Al-Li
alloy 2099 and reduced its anisotropy by optimizing the multi-
stage aging processes. Chen et al. (Ref 13, 14) found that the
subgrain boundaries precipitation in the alloy 2195 can be
suppressed by using a two-stage or multi-stage aging process,
which improves the cryogenic fracture toughness significantly.

The corrosion resistance and mechanical properties of alloys
are of equal importance for the application of structural parts.
Many studies have documented that Al-Cu-Li alloys are highly
susceptible to localized corrosion (Ref 16, 17). The localized
corrosion behavior is closely related to the microstructures,
especially the nature and distribution of the second phase and
the characteristics of the grain boundary (Ref 16-20). It has
been proved that the main mechanism of intergranular corro-
sion (IGC) for the Al-Cu alloys is the selective dissolutions of
the copper-poor zones and precipitate-free zones (PFZ) along
the grain boundaries (Ref 21). However, Rinker et al. (Ref 22)
and Buchheit et al. (Ref 18) indicated that the 7} phase in Al-
Cu-Li alloy has relatively high activity and found the anodic
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dissolution of precipitates at the grain or subgrain boundaries is
the main cause of the interface corrosion. Donatus et al. (Ref
23) studied the intragranular corrosion behavior of 2198-T851
alloy and indicated that the alternate nanolayers formed by the
parallel 77 phase provide a path for the propagation of
corrosion. Other studies have also shown that the T phase
inside grains promotes intragranular corrosion (Ref 24-26). In
addition, some studies suggested that the corrosion sensitivity
of Al-Cu-Li alloys is related to the plastic deformation degree
and the internal defects of grain (Ref 27, 28). It should be noted
that the dislocations, T precipitate, and PFZ are closely related
to each other. The dislocations can promote the precipitation of
the T, phase, and the T} precipitation has competition with the
formation of GBPs and PFZ (Ref 9). As mentioned earlier, the
size and distribution of the T phase have an important impact
on the mechanical properties of the alloy. Meanwhile, the
corrosion resistance of the alloy is also determined by T}
precipitation and its interactions with dislocations and grain
boundaries. The aging process has an important influence on
the microstructures including precipitates, grain boundaries,
and dislocations. Therefore, it is of great significance to study
the microstructure evolution under different aging processes
and to analyze the strengthening and corrosion mechanisms.
The spray-formed 2195 alloy is a new structural material,
which is prepared based on the rapid solidification technology.
During the spray forming, the molten metal is atomized into
droplets and ejected at high speed. These droplets cool rapidly
during the deposition process and solidified mostly before
reaching the collection substrate. Therefore, the microstructure
of the spray-formed billet exhibits uniform equiaxed grains
instead of the dendrite structure in the casting billet. The
problems such as dendritic segregation and coarse microstruc-
ture, often appearing in the casting billet, can be avoided in the
spray-deposited billet (Ref 9, 29). The spray-formed alloy is
required to achieve high mechanical properties through serial
thermo-mechanical treatments (Ref 9). Particularly, the plates
and profiles are commonly pre-stretched before aging process
to reach high strength. But so far, few studies focused on the
effects of pre-deformation and aging treatments on the
mechanical and corrosion behavior of the spray-formed alloy
2195. In this paper, the alloy will be processed with different
pre-stretching and aging parameters. The microstructure evo-
lution of the alloy will be studied. The mechanical properties,
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IGC, and electrochemical corrosion properties will be tested.
The strengthening and corrosion mechanisms will be analyzed
and discussed based on test results.

2. Materials and Experiments

The spray-formed billet was produced by Haoran Co., Ltd.,
Jiangsu, P.R. China. The chemical composition (wt.%) of the
alloy was 3.72Cu, 1.06Li, 0.44Mg, 0.31Ag, 0.12Zr, and
balance Al. The as-deposited alloy was hot extruded into a
round bar at 470 °C with a ram speed of 1.8 mm/s. In
accordance with the standard of ASTM-E8M, the tensile
specimens with a gauge size of 25 x 6 mm and a thickness of
3 mm were machined from the extruded bar. The specimens
were solution treated at 470 °C/1 h and 510 °C/1 h and water
quenched at room temperature. Then, the solution-treated
specimens were immediately pre-stretched to different defor-
mation amounts and aged with various parameters. Figure 1
shows the schematic diagram for the whole process. The details
of the pre-stretching and aging processes are shown in Table 1.
The peak- and over-aging parameters listed in Table 1 were
determined by hardness experiments under different aging
temperatures and times. The two-step aging parameters in
Table 1 were determined based on the result of the orthogonal
experiment. Please refer to Appendix for the specific hardness
test process and corresponding results (as shown in Fig. 16 and
17, Table 2).

The pre-stretching processes and tensile tests of the
specimens were carried out on a CMT-4204 electrical testing
machine. The tests were conducted at room temperature, and
the tensile speed was set as 1.5 mm/min. The strain during the
tests was measured by a mechanical extensometer with a gauge
length of 25 mm. IGC tests were performed according to
standard ASTM-G110. The sample surfaces were first mechan-
ically polished and then cleaned in nitric acid solution. The IGC
solution is a mixture of 57 g/ NaCl and 10 ml/L H,0,. The
samples were immersed in the IGC solution at 30 + 2 °C for
12 h. Afterward, the cross-sectional surface of IGC samples
was observed by an optical microscope (OM) and scanning
electron microscope (SEM) to determine the IGC mode and
morphology. The electrochemical tests were carried out on a
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Fig. 1 Schematic diagram for the process flow of spray-formed 2195 alloy
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Table 1 Pre-stretching and aging processes parameters

Temper Processes

PA, Solid solution + water quench + 160 °C/30 h

PA, Solid solution + water quench + 2% pre-stretching + 160 °C/30 h

PA4 Solid solution + water quench + 4% pre-stretching + 160 °C/30 h

PAg Solid solution + water quench + 8% pre-stretching + 160 °C/30 h

OA4l Solid solution + water quench + 4% pre-stretching + 170 °C/78 h

OALIl Solid solution + water quench + 4% pre-stretching + 180 °C/96 h

DA, Solid solution + water quench + 4% pre-stretching + 110 °C/12 h + 160 °C/24 h

Annotation: PA, aging to approximate peak strength; OA, over-aging; DA, duplex/two-step aging. The subscripts indicate the percent of pre-

stretching before aging treatment

CHI760E electrochemical workstation, and the reference
electrode is Ag/AgCl. The electrolyte was 3.5% NaCl solution.
Open-circuit potential (OCP) was tested for 400 s when the
electrolysis system reached stability. The temperature was
maintained at 30 £ 2 °C throughout the tests.

The fracture surface and the IGC morphology were
observed by an SEM (JEM-7800F). The microstructure of
precipitates and grain boundary morphology was characterized
by a transmission electron microscope (TEM, JEOL-2010). The
samples were also characterized and analyzed by using electron
backscatter diffraction (EBSD) and x-ray diffraction (XRD)
techniques. Thin foils for TEM observations were firstly
prepared by mechanical grinding to a thickness of 50 um and
then electrochemical polishing at — 30 °C with a double-jet
electrochemical machine operated at 14 V. The electrolyte
consists of 30% nitric acid and 70% methanol. The EBSD
samples were prepared by using a cross-sectional polisher (IB-
19510CP), and the data were analyzed using commercial
software HKL CHANNELS. The XRD samples were electro-
polished and then tested on a Rigaku DMAX-2500PC diffrac-
tometer with Cu-Kao radiation.

3. Results and Discussion

3.1 Microstructure and Evolution Mechanism

Figure 2 shows the TEM bright-field (BF) images of the
samples PA,, PA,, PA,, and PAg. The microstructure of the
sample without pre-stretching treatment (PAg) is shown in
Fig. 2(a). A lot of T} phases and a small quantity of 6’ phase are
precipitated in the matrix. The corresponding selected area
electron diffraction (SAED) pattern along < 011 > A, direc-
tion is given in Fig. 2(e). According to the standard diffraction
pattern along < 011 > A; zone axis presented in Fig. 2(f), it is
known that the two diffraction spots at 1/3 < 220 > 4; and 2/
3 < 220 >4y positions and the streaks along < 111 >4
directions are formed by the diffraction of the 7, phase. The
diffraction pattern of 6’ phases is not presented owing to its
small volume fraction. Figure 2(b) shows the microstructure of
the sample PA,. The precipitation density of the 7 phase
increases significantly in the sample PA,, while the size of
precipitates decreases greatly. As the pre-stretching degree
increases, the precipitation of the 77 phase in samples PA, and
PAg becomes denser and the precipitate size becomes smaller,
as shown in Fig. 2(c) and (d). And there is less 0’ phase
contained in the samples PA, and PAg.

6962—Volume 29(10) October 2020

Figure 3 shows the grain boundary microstructure of the
samples without and with pre-stretching, i.e., samples PA, and
PA4. As shown in Fig. 3(a), the continuous grain boundary
precipitates (GBPs) and wide PFZ appear on the grain
boundaries of the sample PA,. The grain boundary microstruc-
ture of the sample PA4, as shown in Fig. 3(b), exhibits a narrow
PFZ and small GBPs. The grain boundary microstructures of
the samples PA, and PAg are similar to that of the sample PA,.
The pre-stretching before aging treatment promoted the pre-
cipitation of the 7' phase near the grain boundaries. Due to the
solute competition between the T precipitations and the GBPs,
the formation of PFZ and the coarsening of the GBPs were
inhibited by the pre-stretching process.

Figure 4 shows the TEM images and the corresponding
SAED patterns (taken in < 110 > 4 zone axis) of the samples
OA4L, OALIT, and DA,. Figure 4(a) shows the microstructure of
the over-aged sample OA4I. The T} phase exists in the matrix,
and the diffraction streaks due to the precipitates can be
observed clearly in the corresponding SAED pattern. Compared
with the sample PA,, the 7| phase size grows slightly in the
over-aged sample OA4l. As the over-aging temperature and
time increase, the diameter and thickness of the 7', phase grow
up significantly as shown in Fig. 4(b). Figure 4(c) and (d)
shows the microstructure of the two-step aging sample DAy,
which presents a greater 7' precipitation density than other
aged samples with the equivalent pre-stretching. The precipi-
tation density in the sample DA is higher than that in sample
PA4 and is close to that in the sample PAg. However, the
average size of the 7 phase in the sample DA, is roughly the
same as that in the sample PA,. In the two-step aging condition,
the solute elements such as Cu and Li diffused sufficiently
during the low-temperature aging stage and segregated to the
dislocations on the {111} ,; planes, which accelerates nucle-
ation and precipitation of 7; phase in the following high-
temperature aging stage (Ref 17). The precipitation density of
the 77 phase is therefore higher in the two-aged sample.

Figure 5 shows the grain boundary microstructures of the
samples OA4l, OA4Il, and DA4. The grain boundary mor-
phologies of the over-aged sample OA,4I are shown in Fig. 5(a)
and (b). Two different microstructures of the grain boundaries
can be found. As shown in Fig. 5(a), the grain boundary
exhibits the continuous GBPs and narrow PFZ, while the coarse
and discontinuous GBPs and wide PFZ can also be observed in
the sample as shown in Fig. 5(b). The grain boundary
microstructure of the sample OA4Il is shown in Fig. 5(c).
Most of the grain boundaries in the serious over-aged sample
exhibit the discontinuous GBPs with a size of about 200 nm

Journal of Materials Engineering and Performance



T, \\.025.

"1\ g,
-

Fig. 2 TEM images of the samples with different pre-stretching and same aging treatments (taken in < 011 > A; zone axis): (a) BF image of
the sample without pre-stretching (PA,). (b) BF image of the sample with 2% pre-stretching (PA,). (c) BF image of the sample with 4% pre-
stretching (PA4). (d) BF image of the sample 8% pre-stretching (PAg). (¢) SAED pattern corresponding to the BF image of the sample PAy. (f)

Standard diffraction pattern along < 110 > zone axis

and the wide PFZ. Compared with the OA4l sample, the
spacing between the GBPs is larger and the PFZ along the grain
boundaries also becomes wider. The grain boundary
microstructure of the sample DA, is shown in Fig. 5(d). There
is no obvious PFZ along the grain boundary, and the GBPs are
small in size and exhibit interrupted shape.

The GBPs will merge and coarsen after the solute concen-
tration in GBPs reached equilibrium with that in the areas
adjacent to the grain boundaries (Ref 30). The evolution
process of the GBPs can reduce the number of phases and
increase their spacing. Besides, the formation of GBPs
consumes the solutes in the areas adjacent to the grain
boundaries, so that the strengthening phase cannot precipitate
along the grain boundaries areas, which results in the formation
of PFZ. The nucleation number of GBPs under different aging
conditions can be predicted by Russell’s model (Ref 31), as
shown in formula (1):

dop,N, AG*
Ny = %exp(— T )

(Eq 1)

where d is the width of grain boundary, p, is the molar density
of the matrix phase, N is the Avogadro constant, xg is the
fraction of solute atoms in the nucleation phase, AG* is the
Gibbs free energy for critical nucleation, 7' is the temperature
during the nucleation process, and k is a constant. The
nucleation number per unit volume for a certain GBP, i.e., Ny
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is only related to the temperature 7. According to Eq 1, there
are more phases nucleating at the grain boundaries as the
temperature increases. At the same time, the solutes at the grain
boundaries will diffuse to the equilibrium state faster at higher
temperatures, which will lead to merging and coarsening of the
GBPs ecarlier. Therefore, a long time over-aging treatment at
high temperature can form the large GBPs. The formation of
these large GBPs consumes more solute elements at the grain
boundaries, resulting in the formation of wider PFZ. In the case
of two-step aging process, the solute atoms segregated to the
matrix dislocations during the low-temperature aging stage and
formed solute cluster or GP zones, which inhibited the flux of
solutes to the grain boundaries. Besides, the slow diffusion of
the solutes at the low temperature also reduced the nucleation
of GBPs. Therefore, the GBPs cannot be formed massively
during the low-temperature aging stage. At the high-tempera-
ture aging stage, the strengthening phase precipitated rapidly
within grains and the areas adjacent to the grain boundaries,
which also inhibits the growth of the GBPs and the formation
of PFZ.

3.2 Mechanical Properties and Strengthening Mechanism

3.2.1 Effect of Pre-stretching and Aging Treatments
on Mechanical Properties. Figure 6 shows the tensile prop-
erties of the samples with different aging treatments, including
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Fig. 4 TEM images and the corresponding SAED patterns of the samples with the same pre-stretching and different aging treatments (taken
in < 011 > A; zone axis): (a) OA4l sample; (b) OA4Il sample; (c) DA4 sample; (d) BF image of the sample DA, at lower magnification (for

comparison)

ultimate tensile strength (UTS), yield strength (YS), and
elongation. The tensile properties of samples with different
pre-stretching and the same aging treatment are shown in
Fig. 6(a). As can be seen, the strength of the alloy can be
significantly improved by the pre-stretching. The UTS of the
sample without pre-stretching (PAy) is 567 MPa, and the
strength is increased to about 620 MPa after different degree

6964—Volume 29(10) October 2020

pre-stretching (i.e., samples PA,, PA,, and PAg). The YS is also
increased from 518 MPa to more than 580 MPa after the pre-
stretching. As the strength increases, the fracture elongation of
the samples decreases significantly from 10.1 to 8.5%.
However, as the pre-stretching degree increases, the tensile
properties have no increase as much as expected. The UTS and
elongation are almost unchanged as the pre-stretching increases
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Fig. 5 Grain boundary microstructures of the samples with the same pre-stretching and different aging treatments: (a) and (b) OA4l sample; (c)

OALIT sample; (d) DA4 sample

from 2 to 8%. The YS of the samples is improved with the
increase in pre-stretching degree. The YS of the sample with
2% pre-stretching is 580 MPa, which is increased to 610 MPa
for the sample with 8% pre-stretching.

Figure 6(b) shows the tensile properties of samples aged
with different parameters after the same pre-stretching. It can be
seen that the UTS, YS, and elongation decrease significantly for
the over-aged samples (OA4I, OA4II). The tensile properties of
the sample OA4II that is aged at a higher temperature for a
longer time are lower than that of the sample OA4l. The two-
step-aged sample DA, exhibits higher YS than the single-aged
sample PAy, but the UTS of the two samples is roughly the
same with each other. The YS of the sample DA, reaches about
602 MPa, which is close to the strength level of the sample
PAg.

Figure 7 shows the tensile fracture morphologies of differ-
ent samples. The fracture surface of the sample PA is shown in
Fig. 7(a), exhibiting obvious intergranular fracture. Figure 7(b)
shows the fracture surface of the pre-stretched and aged sample
PA4. Most area of the fracture surface shows intergranular
morphology, but also a few fine dimples can be observed as
marked by arrows in Fig. 7(b). As shown in Fig. 2(c) and 3(b),
the dense precipitation of the 7) phase can suppress the
formation of PFZ and the growth of GBPs, which is beneficial
to the strength improvement of the grain boundaries. Mean-
while, the dense 7'} phases within grains can cause dislocation
aggregation and stress concentration. Therefore, the micro-
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cracks may be initialed simultaneously at the grain boundaries
and in grains, which results in the mixture of intergranular
fracture and small dimples. The fracture morphology of the
over-aged sample OA4II as shown in Fig. 7(c) exhibits obvious
intergranular morphology, and many holes and obvious sec-
ondary cracks also present in the fracture surface. For the over-
aged sample, there are a lot of coarse particles distributing
along the grain boundaries, as shown in Fig. 5(c). During the
tensile tests, stress concentrates around the coarse particles,
which triggers off crack initiation and results in the secondary
cracks. The holes on the fracture surface are left by the falling
particles. The fracture morphologies of the samples DA, are
shown in Fig. 7(d). Similarly, the fracture surfaces also exhibit
obvious features of intergranular fracture. All the samples show
similar fracture morphology, i.e., mainly intergranular fracture,
which corresponds exactly to the similar elongation to failure.

3.2.2 Strengthening Mechanism. According to previous
researches (Ref 10, 32), the influence of pre-stretching on the
strength of Al-Cu-Li alloy mainly depends on precipitation of
the 7) phase, and the effect of the pre-stretching itself. As
shown in Fig. 2, the pre-stretching deformation before aging
treatment causes more dense precipitation of the 7 phase,
which is one of the reasons for the strength improvement of the
samples with pre-stretching. Besides, the pre-stretching defor-
mation introduces a strain hardening effect in the sample, which
also contributed to the strength increase. As the amount of pre-
stretching increases, it is reasonable to be expected that the
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Fig. 6 Tensile properties of the samples with different processes: (a) tensile properties of the samples with different pre-stretching and the same
aging treatments; (b) tensile properties of the samples with the same pre-stretching degree and different aging treatments

strength of the alloy would be increased significantly as the 7}
phase precipitates more densely. Nevertheless, the tensile
properties exhibit a small difference for the samples with
various pre-stretching degrees, as shown in Fig. 6(a). The
analysis is as follows based on the strengthening mechanism of
the T, phase.

The strength increment At, resulted from the precipitation
of T phase, which can be expressed by a model proposed by
Nie et al. (Ref 33):

1
1.211d, [bf]7 :
Aty = t—zp [F} Vett (Eq 2)
p

where the Burgers vector b (ba ~ 0.286 nm) and the disloca-
tion line tension I' (I' ~ 0.5 Gb?) are constants. The interfacial
energy y.r after the dislocation shears the phase is about
0.107 J m 2 (Ref 32). The phase diameter d,, thickness #,, and
phase volume fraction /" are the parameters relating to the disk-
like phase 7. The volume fraction of the precipitates depends
on the equilibrium concentration of solutes in the matrix, which
is determined by the aging temperature (Ref 34). And the pre-
stretching degree has little effect on the volume fraction of the
T phase (Ref 10, 32). Besides, the thickness of the 7; phase
can be stable at the common aging temperature, and the growth
in thickness will only occur during the over-aging process at
high temperatures. Therefore, the phase diameter d, is the only
parameter affecting the strength increment At, at normal
constant aging temperature, and the Az, decreases with the
phase diameter d),. As the pre-stretching increased, the size of
the 7| phase decreased, which reduced the contribution to the
strength increment. Besides, the strain hardening effect
becomes stronger as the pre-stretching degree increases, which
results in a greater strength increment. The opposite change
between the two types of strengthening effects leads to the less
significant improvement of tensile strength. For the two-step
aging sample DA, the average size of the 7} phase is similar to
that of the sample PA,, and the strain hardening effects are also
close to each other due to the same pre-stretching degree.
Therefore, for the two samples, the strength increments
resulting from the 7 phase and strain hardening are similar.
However, the precipitation density in the sample DA4 is
significantly higher than that in the sample PA,4. The denser T;
phase on the {111} ; planes has a stronger blocking effect on
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the dislocations motion (Ref 17, 35), which leads to the higher
strength of the sample DA,.

The T; phase grows to a larger size under the over-aging
condition, but its strength is lower than that of the samples with
smaller precipitates. The increase in 7' phase thickness and the
decrease in precipitate density, as shown in Fig. 4, are
considered to be the main cause of the decrease in strength.
According to the model in Eq 2, the strength increment caused
by the T phase is inversely proportional to the square of the
phase thickness. Therefore, the strengthening effect of the T
phase decreases at a quadratic exponential rate with the increase
in the thickness, while the reduction of phase diameter can only
increase the strengthening effect at a linear rate. A small
increase in thickness can lead to a significant decrease in
strength. Besides, the lower density of phases in the over-aged
samples also results in the decrease in strength.

In addition, it is also required to consider the effect of the
over-aging process on another important strengthening factor,
i.e., strain hardening effect. The strain hardening effect would
be reduced if the dislocations recovery occurs during the over-
aging at high temperature for a long time, which could also lead
to the decrease in strength. Figure 8 shows local misorientation
maps and distributions of the samples PA4 and OA4IIL. The local
misorientation difference derived from the EBSD data, which is
the average misorientation of a pixel with its neighboring
pixels, gives an estimate of intragranular dislocation activity.
As can be seen from Fig. 8, the local misorientation distribu-
tions of the two samples are very close to each other, which
indicates that dislocations activities in the over-aging and peak-
aging samples are similar. Therefore, the over-aging process
has little effect on the strain hardening effect resulting from the
pre-stretching. It can be considered that the decrease in strength
under the over-aging condition was mainly caused by the
change of the T phase.

3.3 Corrosion Behaviors and Mechanism

3.3.1 IGC Test and Characterization. The IGC tests
were performed on the samples with different pre-stretching
and aging treatments, and the cross-sectional corrosion mor-
phologies are shown in Fig. 9. As shown in Fig. 9(a), the
corrosion morphology of the sample PA, exhibits a general
IGC feature. The serious IGC appears on the area close to the
sample surface, where the grains are separated from each other
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Fig. 7 Fracture surfaces of the samples with different aging treatments: (a) sample PAy, (b) sample PA,, (c) sample OA4IL, (d) sample DA,

and exhibit the fragmented microstructure. Under the heavily
corroded surface, there are lightly IGC morphologies extending
into the deeper area, which can be observed by OM and SEM
as shown in Fig. 9(b). The corrosion morphologies of samples
with different pre-stretching, i.e., samples PA,, PA,, and PAg,
are presented in Fig. 9(c)-(e). The corrosion morphologies of
the samples with pre-stretching exhibit obvious pitting features
instead of the IGC. It can be considered that the pre-stretching
before aging treatment can inhibit the IGC, but it will lead to
the pitting.

Figure 10 shows the corrosion morphologies of the samples
OA,4L, OALIIL, and DA4. As shown in Fig. 10(a) and (b), the
over-aged samples OA4l and OA4Il show obvious IGC
morphologies. Compared with the OA4I sample, the sample
OALIT exhibits more severe IGC features, in which large areas
with light IGC features can be observed below the sample
surface, as shown in Fig. 10(b) and (c). The corrosion
morphology of the two-step aging sample DA, as shown in
Fig. 10(d) exhibits mainly pitting instead of the IGC. Figure 11
shows the SEM images for presenting the microstructures of
the pitting clearly. The layered or stepped corrosion morpholo-
gies can be found in the pitting.

The pitting morphologies of the samples (PA,-PAg and
DA,) are mainly caused by intragranular corrosion which is
related to the dense 7 phase within grains. And the
microstructure of small PFZ and GBPs in the samples resulted
in a small potential difference between grain interior and grain
boundaries (Ref 19), which leads to low IGC sensitivity.
Meanwhile, the dense T inside grains promoted the intragran-
ular corrosion. Donatus et al. (Ref 23) found that the 7 phase
inside grain can lead to the distinct nanolayers consist of
parallel bands with alternating active and noble zones. During
corrosion, the corrosion rate along the active layer containing
the 7 phase was faster than that along the noble layer, and the
layered corrosion morphology can be left after the corrosion.

Journal of Materials Engineering and Performance

3.3.2 IGC Mechanism Analysis. Under different pre-
stretching and aging processes, the 2195 Al-Cu-Li alloy
exhibits two types of corrosion morphologies, i.e., IGC and
pitting. The aged sample PA, without pre-stretching presents
general IGC morphology, while the samples PA,-PAg with
different pre-stretching degrees are immune to IGC. In the case
of a sample without pre-stretching, the 7' phase can precipitate
extensively on the grain or subgrain boundaries during the
aging treatment (Ref 19, 36), which is usually accompanied by
the formation of PFZ. With this type of grain boundary
microstructure, the general IGC is caused by the dissolution of
anodic precipitates at grain boundaries due to the lower
potential of the 7' phase with respect to that of PFZ (Ref 18,
24). The formation of PFZ and the precipitation of 7; at grain
boundaries can be suppressed by the pre-stretching deforma-
tion, which thus reduces the IGC sensitivity of the pre-stretched
samples. In addition, more dense precipitation of the 7; phase
reduces the content of noble Cu in the matrix, which results in a
negative shift of matrix potential. Therefore, the potential
difference between the grain interior and grain boundaries was
narrowed, which improved the IGC resistance.

As shown in Fig. 10, obvious IGC morphologies can be
observed in the samples OA4I and OA4IL, in which the wide
PFZ and coarse particles present along the grain boundaries as
shown in Fig. 5. A conclusion similar to that arrived by the
sample PA, seems to be inferred, i.e., the precipitates at grain
boundaries and the PFZ result in the IGC. However, the
corrosion mechanism of the samples OA4l and OALII is
probably different from that of the sample PA,.

Now suppose that the IGC is only caused by the anodic
dissolution of GBPs. In this case, a more serious IGC should be
caused by continuous GBPs, because they provide continuous
channels for the IGC and accelerate the corrosion rate. The
discontinuous GBPs formed in over-aging treatment are
supposed to suppress the IGC (Ref 17, 20). However, unlike
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Fig. 9 Corrosion morphologies of the aged samples with different pre-stretching: (a) and (b) sample PA,, (c) sample PA,, (d) sample PA4, (e)

sample PAg

the assumption above, the IGC of the over-aged samples with
discontinuous GBPs is not suppressed. And the serious over-
aged sample OA4IT with obvious discontinuous GBPs exhibits
more significant IGC morphology.

Figure 12 shows the grains boundaries microstructures of
sample OA4l. As can be seen, there are two different types of
grain boundaries in this sample. The dark-field image as shown
in Fig. 12(a) exhibits a lot of 7} phase at the grain boundary.
Meanwhile, the coarse and discontinuous GBPs that are likely

6968—Volume 29(10) October 2020

to be Cu-rich phases also appear on the grain boundary, as
shown in Fig. 12(b). The Cu-rich phase at the grain boundaries
is noble with respect to PFZ, which acts as the cathode and
leads to the preferential dissolution of the PFZ during the
corrosion. Therefore, IGC can propagate rapidly through the
continuous PFZ along grain boundaries. After initiation of
corrosion, the two types of grain boundaries can be attacked
with different corrosion mechanisms, i.e., anodic dissolutions
of the T; precipitates and the PFZ. As the over-aging
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Fig. 10 Corrosion morphologies of the samples with different aging processes after the same pre-stretching: (a) sample OA4l, (b) and (c)
sample OALIL, (d) sample DA,

Fig. 11 Corrosion morphologies in the pitting
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Fig. 12 TEM images for presenting two different types of grain boundaries in the sample OA4l: (a) dense precipitation of 7; phase at the grain
boundary; (b) 7 phase and coarse GBPs at the grain boundary

temperature and time increase, larger PFZ forms in sample There are always two arguments about the IGC mechanism
OAUIL, and it provides more areas for IGC. Therefore, more of the Al-Cu-Li alloys. Some researchers argued that the IGC is
obvious IGC can be seen in the serious over-aged sample. mainly caused by the anodic dissolution of intergranular phases
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such as 77, T», Ty, and 6 (Ref 17, 22, 37). The less noble phases
containing active Li atoms dissolve preferentially as the
sacrificial anodes during the corrosion (Ref 18, 24). However,
others suggested that anodic dissolution of PFZ or Cu-depleted
areas along grain boundaries is the main reason for the IGC
(Ref 21, 36). In their opinion, the PFZ or Cu-depleted areas are
active with respect to the GBPs. According to the analysis of
Fig. 12, the two corrosion mechanisms may coexist in the
aging Al-Cu-Li alloy. In recent years, researchers realized that
the IGC mechanism of Al-Cu-Li alloy changes with the
evolution of microstructures and compositions of the grain
boundaries, which is closely related to the heat treatments and
chemical compositions of the alloy itself (Ref 38, 39).
Particularly, the evolutions of the GBPs and PFZ along grain
boundaries have significant effects on the IGC mechanism.
According to the above discussion, the possible IGC
evolution mechanism for the alloy 2195 under different pre-
stretching and aging processes is given in Fig. 13. In the case of

Ageing without stretching Ageing with Stretching

Over-ageing after stretching Serious OA after stretching

.k ‘. o.

Less noble areas (Precipitates with low Cu/Li
ratio or PFZ with poor Cu )
I Inert particles at GBs

Matrix

Fig. 13 Schematic diagrams showing the corrosion mechanisms for
the alloy 2195 under different pre-stretching and aging conditions
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the approximate peak-aged sample without pre-stretching, the
IGC was mainly caused by the anodic dissolution of the
continuous GBPs with high activity. After pre-stretching, the
IGC of samples was suppressed due to the small PFZ and
GBPs, and the sample was susceptible to intragranular
corrosion owing to the dense precipitation of the 7; phase
within grains. The IGC of the over-aged samples after pre-
stretching occurs through two mechanisms including the anodic
dissolutions of GBPs and PFZ along grain boundaries. In the
case of the serious over-aged sample, its IGC mechanism is
more inclined to the anodic dissolution of PFZ owing to the
larger PFZ and more discontinuous GBPs with noble Cu.

3.3.3 OCP Evolution and Mechanism Analysis. Fig-
ure 14 shows the OCP values of the samples with different pre-
stretching and aging treatments. As shown in Fig. 14(a), the
OCP value of the sample with higher pre-stretching shifts
toward more negative value. The OCP values of the samples
with different aging treatments after the same pre-stretching are
shown in Fig. 14(b). As can be seen, the two over-aged samples
OA4I and OALIT exhibit more negative OCP values than that of
the peak-aged samples PA4, and the OCP value of the serious
over-aged sample OA4II is more negative. The two-step aging
sample DA, has roughly the same OCP value as the peak-aging
sample PA,. The negative shift of the potential usually indicates
that the alloy has a greater tendency to corrode. Therefore, it
can be considered that the pre-stretching before aging will
increase the corrosion probability of the alloy. In the case of the
same pre-stretching, the aging treatment at a higher temperature
for a longer time will reduce the potential of the alloy and
increase its corrosion probability.

The pre-stretching treatment can lead to an increase in the
dislocation density and more precipitation of the 7} phase. It is
required to further determine the main cause of the negative
shift of the OCP with the increase in pre-stretching. For this
purpose, a group of reference experiments was carried out. The
samples were solution treated firstly and then pre-stretched with
different amounts of 0, 4%, and 8%. The OCP tests were
performed on the pre-stretched samples without aging treat-
ment. The micro-strains of the samples were also calculated by
the full width at half maximum (FWHM) method based on the
XRD patterns to reflect the dislocation density in the samples.
(According to the model proposed by Williamson and Small-
man (Ref 40), the dislocation density in the sample is
proportional to the square of the micro-strain.) Before the
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Fig. 14 OCP values of the samples with different processes: (a) OCP values of the samples with different pre-stretching and the same aging
treatments; (b) OCP values of the samples with the same pre-stretching and different aging treatments
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Fig. 15 OCP values and micro-strains of the samples with different
pre-stretching but without aging treatment

tests, the samples were stored in the refrigerator to reduce the
natural aging effect. Figure 15 shows the OCP values and
micro-strains of the three samples.

As shown in Fig. 15, the results of the reference experi-
ments show that the OCP values shift toward a positive
direction with the increase in the dislocation density (micro-
strain). However, as shown in Fig. 14(a), for the samples with
pre-stretching and aging treatments, the increased pre-stretch-
ing results in more negative OCP value. So it can be proved
that the decreased OCP values of the samples with pre-
stretching and aging treatments are caused by the increase in
precipitation density instead of the dislocation density. Accord-
ing to the analysis, it can be considered that the higher OCP
value of the sample PA, than that of the samples PA,-PAg
results from the difference of precipitation density.

The pre-stretching deformation promotes more 7; phase
precipitation within the grains. On the one hand, the corrosion
potential of 7, precipitates is lower than that of the matrix, and
they lead to the micro-galvanic corrosion in the grains. On the
other hand, the dense precipitation of the 7} phase can result in
the reduction of Cu content in the matrix. The combined effect
of the above two causes a shift of OCP toward the negative
direction. Besides, more 77 phase precipitates in the grains as
the amount of pre-stretching increases, which causes the OCP
to shift to a more negative potential. The strong micro-galvanic
corrosion within grains causes the pitting corrosion morphol-
ogy of the pre-stretched samples PA,, PA4, and PAg. Under the
over-aging conditions, the larger PFZ and GBPs formed at
grain boundaries. The micro-galvanic corrosion occurring on
the boundaries has been not negligible, which results in a
further decrease in OCP and obvious IGC phenomenon in the
samples OA4I and OA4IIL.

4, Conclusion

In this study, the 2195 Al-Li alloy formed by extrusion after
spray deposition was subjected to different pre-stretching and
aging treatments. The effects of different pre-stretching and
aging on the microstructure, mechanical properties, and
corrosion behaviors of the alloy were studied. The strengthen-
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ing and corrosion mechanisms of the alloy were revealed. The
conclusions were drawn as follows:

(1) The tensile strength of the alloy can be improved greatly
by the pre-stretching before aging treatment. The grow-
ing pre-stretching can increase the precipitation density
of the T phase and reduce the phase size. However, the
improvement of the mechanical properties is not obvious
with the increase in pre-stretching. Under the same pre-
stretching condition, the two-step aging treatment after
pre-stretching can increase the tensile strength of the al-
loy to a higher level.

(2) The pre-stretching can inhibit the formation of GBPs
and PFZ along grain boundaries, which reduces the IGC
sensitivity of the alloy. However, the over-aging treat-
ment after pre-stretching can lead to the coarsening of
the GBPs and widening and the PFZ, which makes the
sample re-sensitive to the IGC. The IGC mechanism of
the alloy 2195 is the mixed anodic dissolution of PFZ
and GBPs, which depends on the specific heat-treatment
process. The pre-stretching can lead to negative shifts of
the OCP, and the increased pre-stretching degree causes
a more negative potential. The over-aging treatment after
pre-stretching can also lead to negative shifts in the
OCP value.

(3) In terms of the experimental results in this study, the
sample aged at 160 °C/30 h after 8% pre-stretching has
the highest yield strength and ultimate tensile strength.
However, under the same pre-stretching deformation, a
better tensile strength can be obtained by the two-step
aging treatment. The IGC can be suppressed in the two-
step aging sample, and its corrosion mode is pitting.
The OCP of the alloy is roughly the same as that of the
single-stage aged alloy.
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Appendix 1

It is known that there is a positive correlation between the
hardness and strength of the alloy. Therefore, the optimal aging
parameters can be determined by the simple hardness tests. The
aging parameters corresponding to largest hardness value can
make the alloy to reach its peak strength.

Appendix 1.1.: Determination of Single-Stage Aging Process
After Pre-stretching

The samples with 4% pre-stretching were aged in the
temperature range of 140-180 °C for 1-72 h. The hardness of
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Fig. 16 Hardness curves of the samples aged at different
temperatures after 4% pre-stretching

the aged samples was measured by using a HV-1000 micro-
hardness tester. The aging hardening curves at different
temperatures are shown in Fig. 16. As can be seen, all the
hardness values increase rapidly with aging time and then tend
to be stable or decrease. The hardness of samples aged with
higher temperature rises faster, and shorter time is required to
reach the peak values. The hardness of the samples aged at low
temperatures can keep relatively stable for a long time after
reaching the peak value. However, for the samples aged at high
temperature, the hardness value decreases greatly after the peak
value, which is typical for the over-aging process. While the
peak values for the samples aged at the temperature ranging
from 150 to 170 °C are very close, the maximum hardness can
be reached at 160 °C/30 h. Therefore, the single-stage peak-
aging process for the samples after pre-stretching will be
performed with the parameter of 160 °C/30 h.

Appendix 1.2.: Determination of Two-Stage Aging Process
After Pre-stretching

The optimization for the two-stage aging process was still
performed on the samples with 4% pre-stretching. There are
four main factors for the two-stage aging process, including
first-stage aging temperature (4), first-stage aging time (B),
second-stage aging temperature (C), and the second-stage aging
time (D). If there are four levels for every factor, it is required to
carry out 256 experiments for the optimization if we adopt the
method in the previous section. In order to reduce the number
of experiments, an orthogonal experiment with four factors and
four levels was selected to optimize the two-stage aging
parameters. The range analysis based on the orthogonal
experiment results was carried out to determine the best
parameters. Table 2 shows the orthogonal experiment
scheme and the experimental results.

Figure 17 shows the range analysis results of the orthogonal
test. The parameters marked by the larger symbols are more
beneficial to the improvement of hardness. Therefore, the
optimal combination of two-stage aging parameters is 42, B3,
C2, and D3. That is, the first-stage aging temperature and time
are 110 °C and 12 h, and the second-stage aging temperature
and time are 160 °C and 24 h, respectively.
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Table 2 Orthogonal experimental design and results

Test no. A, °C B, h C, °C D, h Hardness, HV
1 100 4 150 8 149.10
2 100 8 160 12 167.18
3 100 12 170 24 168.76
4 100 24 180 48 160.00
5 110 4 160 24 172.24
6 110 8 150 48 170.30
7 110 12 180 8 167.68
8 110 24 170 12 169.04
9 120 4 170 48 168.40
10 120 8 180 24 164.02
11 120 12 150 12 163.52
12 120 24 160 8 166.48
13 130 4 180 12 167.54
14 130 8 170 8 167.36
15 130 12 160 48 168.96
16 130 24 150 24 170.88
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Fig. 17 Range analysis results for the orthogonal test of aging
hardness
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