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Microstructural evolution and the mechanical properties of recently developed lightweight AA2050 Al-Cu-
Li alloy have been presented. A processing route of multi-directional forging (MDF) at 170 �C followed by
artificial aging at 150 �C was employed. Systematic EBSD analysis revealed significant grain refinement
with grain size reducing from 74.3 ± 12 to 22.1 ± 2.8 lm after 12 passes of MDF. Transformation of
deformation bands into subgrains with dynamic recrystallization has led to grain refinement. TEM results
show the presence of large dislocation clusters and deformation bands in MDF processed samples with a
large number of fine precipitates in peak aged MDF processed samples. XRD analysis shows variation in
peak intensities and occurrence of peak shifts due to induced lattice strain upon MDF. A substantial
increase in microhardness and strength was observed with a minor trade-off with ductility after 12th MDF
pass. Further, enhancement in strengths and microhardness were observed in post-MDF aged samples.
Experimental results show the combined effect of strain hardening, grain size reduction, and precipitate
hardening which influence the material strength. A combination of MDF and artificial aging has shown
great potential to enhance the strength and ductility of AA2050.

Keywords Al-Cu-Li alloys, mechanical properties, microstruc-
ture, multi-directional forging (MDF), severe plastic
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1. Introduction

Lightweight aluminum alloys possess high specific strength
and have always attracted the aircraft and aerospace industries
in complex structural applications as they directly influence
efficiency and thus reduce operational costs. Al-Li alloys were
shown to be more potential in recent literature. For every 1
wt.% Li addition to an aluminum alloy, a 3% reduction in
density with an almost 7% increase in elastic modulus can be
obtained (Ref 1). This reduction in density with a simultaneous
increase in strength has led to various developments in Al-Li
alloys and evolved into three generations involving the
optimization of alloy compositions. With this breakthrough,
AA2050 Al-Cu-Li alloy has gained large research interest due

to its superior strengths, high fracture toughness, better
corrosion resistance, and less anisotropic properties compared
to its predecessors (Ref 2). It also exhibits greater potential with
no apparent limitations for cryogenic applications in the
aerospace sector (Ref 3).

Microstructural modifications through severe plastic defor-
mation (SPD) have proven to be a promising technique leading
to significant improvements in strength, corrosion resistance,
and tribological properties in various Al alloys (Ref 4-8). By
employing a suitable SPD technique, one can obtain high
strength and high ductility by tailoring microstructure (Ref 9).
Various SPD processes such as Equal Channel Angular
Pressing (ECAP) (Ref 10), High-Pressure Torsion (HPT) (Ref
11), Accumulative Roll Bonding (ARB), Constrained Grove
Pressing (CGP), and Multi-Directional Forging (MDF) induce
large plastic strains in a crystal lattice, which results in the
formation of new crystallographic defects, results in
microstructural modifications. Grain size reduction, formation
of dislocation clusters, deformation bands, and fragmentation of
secondary particles are commonly observed phenomenon in
SPD processed materials. However, the observed phenomenon
is highly dependent on the intrinsic material characteristics such
as alloying systems, initial grain size, stacking fault energies,
critical resolved shear stress, and SPD processes adopted (Ref
9, 12). Among the various developed SPD processes, MDF is
known to be simple, and effective, adding the ability to operate
at the required temperature (Ref 13). By MDF large strains can
be induced in a wide range of metals and alloys, and the
required setup has a simple die design with a hydraulic press or
any high compression unit. Also, one can continuously monitor
the increase in strain rate during the process between the passes.

Aging is a process of inducing precipitates in an alloy by
diffusion of solute atoms into matrix and formation of clusters
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known as precipitates with their own lattice structure, tailoring
the material and mechanical properties. Pre-straining before
exposure to aging has shown a large influence on mechanical
properties and aging kinetics in age-hardenable Al alloys (Ref
14, 15). S. Cheng et al. reported as cryorolling of AA2024 Al
alloy before artificial aging supports uniform nucleation and
growth of nano-sized precipitates, leading to a significant
increase in strength and ductility (Ref 6). Similarly, Zhao et al.
(Ref 8) reported a simultaneous increase in strength and
ductility due to large dislocation accumulation during cryo
rolling and fine distribution of secondary particles post-aging in
AA7075 Al alloy. Accelerated precipitation kinetics and
enhanced strengths were reported by Hockauf et al. after peak
aging of pre-ECAP processed AA6056 Al alloy (Ref 16).
Similarly, Gubicza et al. reported an improved strength of
ECAP processed Al-Zn-Mg alloy due to fine dispersion of g-
phase precipitates after aging (Ref 50). T. Aoba et al. observed
the increase in strengths and ductility during post-MDF aging
of 6XXX series Al alloy with better age-hardenability when
aged at relatively low temperatures (Ref 17). Reduction in grain
size and induced dislocation clusters during SPD process
greatly accelerate the nucleation of precipitates and their growth
at the early stage of aging, thus reducing the formation of
copper depletion regions at the grain boundaries, thus prevent-
ing the formation of precipitation-free zones (PFZ) (Ref 18). It
was understood that SPD processing prior to aging of
precipitate hardenable alloys resulted in a fine and in-homo-
geneous distribution of precipitates with the absence of PFZ
zones. Fine precipitates prevented recrystallization by obstruct-
ing grain boundary motions through Zener pinning effect, thus
increasing the ability of the alloy to perform at high temper-
atures (Ref 51).

In the present work, AA2050 Al-Cu-Li alloy is processed by
MDF at elevated temperature to induce large strains and MDF
processed alloy was further exposed to aging at constant
temperature by varying the exposure time. Mechanical charac-
terization has been carried out to understand the effect of MDF
on aging by microhardness and tensile tests. Microstructure
characterization such as electron backscattered diffraction
(EBSD) and x-ray diffraction (XRD) has been carried out to
understand the mechanism between process and strengths.
Studies on Al alloys processed by various SPD processes
followed by artificial aging treatments do exist in the literature
and are limited to conventional Al alloys only (Ref 19-21, 26).
However, studies on the effect of MDF, post-MDF aging on Al-
Cu-Li alloys, and microstructural evolution upon the same are
rarely reported.

2. Experimentation

AA2050 Al-Cu-Li alloy was procured from Bharat Aero-
space Alloys Pvt Ltd, India with a nominal composition as Al-
3.5Cu-0.85Li-0.36 Mg-0.35Mn-0.05Zn-0.1Zr (wt.%) deter-
mined using inductively coupled plasma optical emission
spectrometry (ICP-OES). The alloy was in the form of 50-
mm-thick slabs of which several 24 9 30x30 mm rectangular
parallelepiped samples are extracted. As illustrated in the
processing route line diagram (Fig. 1a), as-received alloy was
first subjected to solution heat treatment (SHT) at a temperature
of 510 ± 5 �C for 90 min, followed by water quenching to
room temperature and this sample condition is referred to

‘‘SHT’’ hereafter. SHT samples are subsequently subjected to
MDF up to 12 passes at 170 ± 5 �C in a specially designed die
setup. A split type die with a central cavity of 30 mm 9 30
mm 9 80 mm made of hardened steel incorporated with
heating cartridges and a thermocouple attached to a control
panel to maintain constant temperature is used in the process.
As illustrated in Fig. 1(b), MDF process involves compression
of the alloy by sequential changing of loading direction along
the three mutually perpendicular axes of the sample. During the
1st MDF pass, sample was compressed along the X-axis (Face
A). The sample, after 1st pass, has rotated such that the Y-axis
becomes the new compression axis and is compressed along
face B and termed as 2nd pass. Similarly, during 3rd pass,
sample is compressed along Z-axis by aligning the sample�s Z-
axis to the compression axis (face C). The compression along
all three axes completes one cycle and imparts a strain of
approximately 0.8 (� 0.26 per pass). Further sets of SHT and
MDF processed samples are subjected to artificial aging carried
out in a salt bath furnace and isothermally held at 150 ± 2 �C
for various time intervals up to 80 h.

Specimens from MDF processed samples for various
characterizations were extracted at the midsections, perpendic-
ular to the sample�s last forged axis. MDF processed samples
are characterized for microstructural analysis using EBSD.
Sample preparation for EBSD analysis involves manual
polishing by standard metallographic procedure to obtain a
scratch-free mirror-like polished surface, followed by elec-
tropolishing at 15 V for 15 s maintained at -20 �C using an
electrolyte of 75% ethanol + 25% phosphoric acid. Orientation
image mapping (OIM) was extracted from Field Emission
Scanning Electron Microscope (Zeiss Gemini 300) with EDAX
Electron Back-Scatter Diffraction (EBSD) attachment. Post-
processing of EBSD data was carried out using TSL OIM�
software (version 7.0). Structural characterization using x-ray
diffraction (XRD) technique was carried out on a Malvern
Panalytical�s Empyrean Diffractometer operating at 40 kV and
40 mA equipped with Cu-Ka source for 2h range of 10� to
100� in steps of 0.02�. Tensile specimens were extracted at the
midsections parallel to the last forging axis and prepared as per
ASTM: E8 sub-size standard with 16 mm gauge length and
6 mm gauge diameter. A uniaxial tensile test was carried out
with a constant strain rate of 2 9 10–4 s�1 on a Tinius Olsen
machine of 25 kN capacity (S-Series, H25K-S). Vicker�s Micro
hardness was carried out on mirror-like surface polished
samples with five indentations per sample condition at different
locations to retain the accuracy of results.

3. Results and Discussion

3.1 Microstructural Characterization

3.1.1 Electron Backscattered Diffraction (EBSD) Anal-
ysis. Orientation Image Micrographs (OIMs) of 6th and 12th
pass MDF processed, MDF + aged samples including SHT
condition are extracted from the EBSD studies and are
presented in Fig. 2. OIM are superimposed with image quality
map with high angle grain boundaries (HAGB) where misori-
entation angle h ‡ 15� and low-angle grain boundaries
(LAGB) with misorientation angle h < 15�. Inset in Fig. 2
represents inverse pole figure (IPF) map of crystallographic
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directions of grains that are parallel to the last forging axis.
OIM of SHT revealed the presence of elongated coarse grains
(CGs) with a larger fraction of HAGBs (Fig. 2a) and grain size
distribution plot Fig. 3(a), further confirming the existence of a
high fraction of CGs and fewer fine grains.

Figure 2(b) refers to the 6th pass MDF processed sample,
where initial grains are fragmented by shear bands and/or
deformation bands. An increase in cumulative strain at every
pass has influenced the increase in misorientation angles of
subgrain boundaries from to HAGBs as observed in Fig. 2(c) at
region-1 in 12th pass sample. Width of the subgrains formed by
fragmentation of coarse grains is observed to be approximately
10 lm, and careful examination of the microstructures of 12th
pass sample indicated as region 2 in Fig. 2(c) reveals the
presence of new grains with a diameter of few microns. The

occurrence of continuous dynamic recrystallization at higher
cumulative strains promoted new Ultra Fine Grains (UFG) due
to restoration and recovery (Ref 27, 28). Various researchers
reported the formation of UFGs at cross-overs of micro-shear
bands at higher strains (Ref 29, 30). Thus, the overall
microstructure developed in 12th pass sample is a combination
of subgrains formed by the transformation of deformation
bands and UFGs formed due to dynamic recrystallization. Peak
aged 6th and 12th pass processed samples shown in Fig. 2(d, e)
represent similar microstructure as observed in un-aged coun-
terparts indicating no further occurrence of recrystallization or
microstructural changes during aging. Further, an overall
observation of OIMs of all processed conditions does not
show any preferred orientation of crystallographic planes.

Fig. 1 (a) Processing route undergone in the current study, (b) schematic illustration of multi-directional forging process
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Fig. 2 EBSD generated orientation image micrographs of AA2050 alloy after (a) SHT, (b) 6 pass, (c) 12 pass, (d) 6 pass + peak aged, and (e)
12 pass + peak aged conditions
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3.1.2 Grain Size Distribution. Figure 3(a-e) represents
the grain size distribution plots of various processing conditions
that appear to be bi-modal distribution. Grains having a size

lesser or equal to 20 lm are considered as fine grains and
greater than 20 lm as coarse grains, and a comparison of the
same for various processed conditions is shown in Fig. 3(f).

Fig. 3 (a-e) Grain size distribution plots for various processed conditions, (f) comparison of grain size distribution in various processed
conditions
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SHT sample shows a large fraction of coarse grains (approx.
86%) and fewer fine grains with an average grain size of
74.3 ± 12 microns. It was observed that MDF has resulted in
the reduction in average grain size, with 38.81 ± 8 and
22.1 ± 2.8 lm from 6th pass to 12th pass samples, respec-
tively. The fraction of fine grains was increased from � 14%
(SHT) to � 31% in 6th pass and � 70% in 12th pass samples
and is represented in Fig. 3(f). However, microstructures of
artificially peak aged samples reveal no significant effect on
grain refinement or grain growth, where average grain size of
40.12 ± 2 and 17 ± 2 lm is observed for peak aged condi-
tions on 6th and 12th pass MDF processed samples.

3.1.3 Misorientation Angle and Grain Boundary Char-
acter Distribution (GBCD). GBCD plots obtained by con-
sidering the individual number fraction of LAGBs and HAGBs
and misorientation angle distribution plots for samples pro-
cessed at different conditions are shown in Fig. 4. SHT sample
has a high fraction of HAGBs due to the presence of
recrystallized grains (Ref 16), with misorientation distributed
over a wide range (Fig. 4a). After 6th pass of MDF, a
considerable amount of increase in LAGBs with a decrease in
HAGBs was observed, and average misorientation shifting to
lower angles (from Fig. 4b,c), due to formation of deformation
bands and subsequent transformation into subgrains. It is worth
noting that from 6 to 12th pass of MDF processing shows a
slight increase in the fraction of HAGBs, which is in contrast
with SHT to 6th pass sample. With an increase in cumulative
strain from 6 to 12th pass, the misorientation of the subgrains
formed during initial passes increases and transforms into
HAGBs with simultaneous formation of UFGs due to the
occurrence of continuous dynamic recrystallization as dis-
cussed in previous sections (Ref 31, 33). Figure 4(a, e, f)
represents the post-MDF peak aged samples showing similar
misorientation characteristics to their un-aged counterparts as
aging was carried out well below MDF processing temperature.

3.1.4 Kernel Average Misorientation (KAM) and Grain
Orientation Spread (GOS). Intra-grain misorientation
parameters such as kernel average misorientation (KAM) and
grain orientation spread (GOS) generated from EBSD data, to
estimate the strain accumulation within and across the grains
for various processing conditions, are shown in Fig. 5. KAM is
an average misorientation at the center of the kernel, calculated
by considering the average of local misorientation between the
center and points on the perimeter of the kernel and excluding
the misorientation greater than 5� (Ref 32). Similarly, GOS is
calculated by taking an average of misorientations, determined
by measuring the misorientation angle between each measuring
point and the overall average misorientation angle of grain (Ref
34, 35).

A higher number of fractions were observed at low angles of
KAM for SHT Sample, which indicates less strain within the
grain due to the large fraction of recrystallized grains (Ref 36)
and this was also noticed in Fig. 4(a). Similarly, in Fig. 5(b),
GOS values of SHT samples are observed at low angles
representing the low dislocation content and strain-free grains.
From Fig. 6(a, b) for 6th pass MDF processed sample, KAM
and GOS peaks were broader and observed slightly ahead of
SHT peak ensuring higher dislocation content. 12th pass
sample followed similar characteristics as of 6th pass sample
with a small decrease in average KAM and GOS at higher
strains, due to dynamic recrystallization (Ref 36, 37).

3.1.5 TEM Analysis. Figure 6 shows the bright-field
TEM micrographs of AA2050 Al-Cu-Li in different processed
conditions. Large dislocation densities and deformation bands
are evident in the 6th pass MDF processed sample as seen in
Fig. 6a. Similarly, as evident in Fig. 6b, 12th pass MDF
processed sample revealed dislocation tangles at the grain and
subgrain boundaries. The observed large density of dislocations
and dislocation clusters are due to the large induced strains
during MDF process.

Figure 6(c) displays a bright-field TEM micrograph of
SHT + Peak aged sample consisting of large number of needle-
shaped intragranular T1 precipitates in grain interiors. In
addition, grain boundaries are decorated with continuous
intergranular GB precipitates. Proton et al. reported similar
microstructure during artificial aging of AA2050 Al alloy (Ref
52). Formation of continuous large precipitates at the grain
boundaries and T1 precipitates at the grain interiors results in
copper depletion regions adjacent to grain boundaries causing
PFZs.

Bright-field TEM micrograph of 12th pass MDF + peak
aged sample is shown in Fig. 6(d). It reveals the presence of
fine needle-shaped intragranular T1 precipitates in grain
interiors with smaller discontinuous GB precipitates in contrast
to conventionally aged samples (SHT + Peak aged). Large
dislocations densities observed in the MDF processed sample
act as the preferential sites for the nucleation T1 precipitates,
thus a large number of fine precipitates were seen in
MDF + peak sample. Similar results of plastic deformation
prior to aging promoting nucleation of T1 precipitates were
reported by Cassada et al. and Gable et al. in Al-Cu-Li alloys
(Ref 53, 54).

3.2 X-Ray Diffraction

XRD patterns extracted for SHT, MDF processed, and post-
MDF peak aged samples are shown in Fig. 7. All phases
identified through XRD belong to face-centered cubic (FCC)
system and peaks corresponding to Al of all processing
conditions are indexed to (111), (220), (322), (432) and (640)
hkl lattice planes. From Fig. 7(a), variations in peak intensities
are observed upon MDF processing resulting from the forma-
tion of subgrains, change in the crystal orientations, and fine
grains. Further, for more insight, peak analysis of Al (111)
plane occurring at 2h of 38.5� for SHT and MDF processed
samples are presented in Fig. 7(b). Shifting of peaks toward the
left (lower 2h angle) was observed, due to the accumulation of
strains with MDF passes (Ref 38, 39). Further width of the
peaks was observed to be broadening with an increase in the
number of MDF passes as an effect of reduction in crystallite
size, work hardening, and residual stresses (Ref 39, 40).
Figure 7(a) also represents the XRD patterns at peak aged
conditions of SHT, 6th, and 12th pass MDF processed samples
subjected to artificial aging heat treatment at 150 �C. Analysis
of peaks showed small intensities of peaks corresponding to
Al3Li, Al2CuLi, and Al2Cu precipitates, confirming the forma-
tion of secondary particles upon artificial aging. Less change in
peak intensities is observed in comparison with their corre-
sponding un-aged counterparts indicating no significant
changes occurring in crystal orientations during artificial aging.
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3.3 Microhardness

Figure 8(a) shows the results of Vicker�s microhardness test
of SHT and MDF processed samples. SHT samples showed a
hardness of 80 HV and increased to 120, 142, 149 and 153 HV

after 3rd, 6th, 9th and 12th pass, respectively. Initially, a
significant increase in hardness of 51% from SHT to 3rd pass
and 19% from 3rd to 6th pass due to large strain accumula-
tions/work hardening was observed. Further, 5 and 3% increase
in hardness for 9th and 12th pass was observed indicating

Fig. 4 a Grain boundary character distribution, Misorientation angle distribution for b SHT, c 6 pass, d 12 pass, e 6 pass + peak aged, f 12
pass + peak aged sample conditions
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saturation in work hardening. This is due to the occurrence of
dynamic recrystallization observed at cumulative higher strains.
From Fig. 8(a), it has been noticed that the final hardness was
increased by 91% after 12 passes of MDF and this has shown a
significant effect on material behavior.

Figure 8(b) shows the comparison of age hardening curves
of selected sample conditions (SHT, 6th and 12th pass MDF
processed) during artificial aging at 150 �C up to 80 h. SHT
samples showed an increasing trend in average hardness values
up to 40 h of aging and reported a peak hardness of 152 HV,
with no further significant variation up to 72 h. However, in
contrast to SHT condition, MDF + aged samples show initial
softening characteristics (up to one hour of aging) due to the
dissolution of dislocation clusters that occurred during the
MDF process (Ref 22, 42). 6th and 12th pass samples reported
a peak hardness of 164 HV and 173 HV after 25 and 20 h of
aging, respectively. By comparing the results in Fig. 8(b), SHT
samples showed longer duration than MDF processed samples
in attaining peak hardness, which indicates the enhanced aging
kinetics (Ref 4, 5, 43). Further holding of samples post-peak
aging for longer durations reveals the over-aging effect, where
a reduction in hardness value has been noticed (Ref 44).

3.4 Tensile Properties

Stress–strain curves and their corresponding mechanical
properties of the alloy studied in different processed conditions
are shown in Fig. 9. Aluminum alloys having FCC crystal
structure exhibit good ductility but do not show significant
yielding in the plastic region. From Fig. 9(b), it is evident that
the yield strength (YS) and ultimate tensile strength (UTS) have
significantly increased after MDF processing from 204 and
340 MPa in SHT condition to 500 MPa and 517 MPa in 12th
pass MDF processed conditions, respectively. Reduction in
elongation from 24% in SHT condition to 10% in 12th pass
MDF processed condition was observed. During SPD process-
ing of Al alloys, such an increase in strengths with a trade-off
with ductility is more commonly reported in the literature (Ref
34, 41, 45). This behavior of increase in strengths and reduction
in ductility with an increase in induced strains during SPD is

attributed to grain boundary strengthening and dislocation
strengthening (Ref 34, 46, 47).

Figure 9(c) displays the stress–strain curves of differently
processed samples in selected aging conditions. For conven-
tionally peak aged condition (SHT + aging at 150 �C for 40 h),
specimens showed YS of 390 MPa and UTS of 447 MPa with
32% elongation. This increase in strength is a common trend,
generally observed during aging of solution heat-treated Al
alloys due to the precipitation of various strengthening
precipitates (Ref 18, 48). 6th and 12th pass post-MDF peak
aged samples exhibited an increase in strengths and slightly
enhanced ductility when compared to un-aged counterparts.
The observed increase in ductility was attributed to the
recovery of certain dislocations due to the nucleation and
growth of precipitates during artificial aging (Ref 49).

3.5 Effect of Microstructure on Mechanical Properties

As observed in this work, the significant improvement in
mechanical properties (strength and microhardness) with
increase in MDF passes is closely related to microstructural
evolution. It has been inferred from Sect. 3.1.1 that MDF
processing led to significant grain refinement. According to the
Hall–Petch equation with a decrease in average grain size, yield
stress of the material increases (Ref 22, 23). Thus, grain
refinement observed upon MDF had a significant effect on
strengthening. Other important strengthening mechanisms in
SPD processed materials are strain hardening and dislocation
strengthening. According to the Taylor relation, with increase in
dislocation content, yield strength also increases (Ref 24, 25).
In the present study, the peak shifts in XRD profiles as seen in
Fig. 7(b) and broader KAM and GOS peaks observed in Fig. 5
indicate the increase in lattice strain and dislocation content
with increase in the number of MDF passes. TEM micrographs
further validate the presence of large dislocation clusters in 6th
and 12th pass MDF processed samples. Thus, the observed
significant improvement in strength and hardness is attributed
to the combined effect of grain refinement, dislocation
strengthening, and strain hardening (Ref 26).

Fig. 5 EBSD generated (a) kernel average misorientation (KAM) plots, (b) grain orientation spread (GOS) plots for various processed
conditions
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From Fig. 3(f), no significant change in average grain size
was observed in samples subjected to peak aging post-MDF
processing. This is due to the low aging temperature that did
not affect grain growth. This confirms that grain size had no
further influence on the observed mechanical properties during
aging. It is evident in TEM micrographs (Fig. 6) that the
dislocation densities decreased after peak aging when compared
to non-aged samples. As discussed in the introduction,
dislocations act as the nucleation sites for the precipitates and
further growth of precipitates happens with the consumption of
dislocations. A decrease in dislocation density upon aging
could further accumulate more dislocations and probably be the
cause for the slight increase in ductility in peak aged post-MDF

processed samples. However, the effect of reduction in
dislocation densities on strength properties is significantly less
as the precipitate strengthening had highly influenced the
mechanical properties (Ref 6). Precipitate strengthening will
have a significant effect on mechanical properties as they act as
a barrier to dislocation mobility. The factors such as parti-
cle/precipitate spacing, average size, and volume fraction
influence precipitation strengthening. TEM micrographs as
seen in Fig. 6(c, d) show the formation of precipitates in the
grain interiors upon aging and are further confirmed in XRD
results. However, peak aged sample after 12th pass of MDF
processing showed a large density of fine precipitates in the
grain interiors compared to the peak aged condition of SHT

Fig. 6 TEM microstructures of (a) 6 pass MDF processed, (b) 12 pass MDF processed and (c) SHT + peak aged, (d) 12 pass + peak aged
AA2050 Al-Cu-Li alloy
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samples. This shows that precipitate strengthening is more
profound in MDF processed samples compared to the non
MDF processed sample. Further, from Fig. 5(a), it is evident
that KAM plots for 6th and 12th pass peak aged samples
showed a broader spread of misorientation compared to un-
aged counterparts indicating a further increase in lattice strain.
This could be due to the strain induced during the growth of
precipitates in the crystal lattice. Thus, it can be concluded that,
in addition to grain strengthening and strain hardening as an
effect of MDF processing, precipitate hardening has led to
significant improvements in strength and hardness properties in
peak aged samples subjected to MDF.

3.6 Fractography

Fractured surfaces of tensile test samples were examined for
fractography to understand the mechanism of fracture. Fig-

ure 10 shows the fractured surface of SHT and MDF processed
samples. Figure 10(a) shows fractured surface morphologies of
SHT sample, where a combination of ductile and brittle
fractures was observed. A large number of different sized
dimples were identified resulting from the more ductile type
fracture and are in good agreement with the ductility observed
during a tensile test. Figure 10(a) also shows small dimples
along the tear ridges corresponding to brittle fracture or
material tear. Figure 10(b) shows the fractured surface of 3rd
pass MDF processed sample with a large number of elongated
dimples, and the presence of rupture regions indicates transient
fracture. It should be noted that the depth of the dimples is
reduced when compared to SHT sample. As the 3rd pass MDF
sample shows good agreement with an increase in hardness,
tensile strength, and decrease in ductility, fractography indi-
cates the transformation of the sample fracture from ductile to

Fig. 7 (a) X-ray diffraction patterns, (b) x-ray diffraction peak profile analysis for peaks corresponding to (111) lattice plane of AA2050 Al-Cu-
Li alloy for various processed condition

Fig. 8 Change in Vickers�s micro hardness of AA2050 Al-Cu-Li alloy (a) with increase in number of MDF passes, (b) as a function of time
for artificial aging of SHT, 6 pass and 12 pass MDF processed samples
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brittle due to strain accumulation. Similar features are observed
in 6th, 9th and 12th pass processed samples showing relatively
large ruptured regions with more tear ridges, respectively,
following reduced ductility observed.

Figure 11 shows the fractured surface morphologies of peak
aged samples after SHT, 6th and 12th pass MDF processing.
Figure 11(a) shows a large number of dimples along with step
ridges representing the effect of aging on SHT sample.
Figure 11(b) shows the fractured surface of peak aged 6th
pass MDF processed sample revealing the combination of
clustered dimples and ruptured region. The presence of
clustered dimples along the tear ridges is in good agreement
with the reduced ductility observed when compared to
SHT + peak aged condition. Similarly, Fig. 11(c) shows the
fractured surface of 12th pass peak aged sample with long
straight ridges by coalescence of small dimples in the pattern of
straight lines indicating a mixed mode of fracture with further
reduced ductility. The presence of more dimples and less
ruptured regions on 6th and 12th pass peak aged samples as
seen in Fig. 11(b, c) indicates significant ductility in the
samples as compared to un-aged counterparts as seen in

Fig. 10(c, e) and is in good agreement with the increased in
ductility observed upon aging.

4. Conclusion

In this article, investigation of AA2050 Al-Cu-Li alloy
processed by MDF till 12 passes. Evolution of microstructure
and mechanical properties are reported, and the following
conclusions were drawn based on experimental results.

1. Fragmentation of coarse laminar grains occurred due to
the formation of shear/deformation bands at lower strains
and further transformation of these deformation bands
into high angle subgrains with gradual increase in misori-
entation angles at higher strains. Further, at higher
strains, fine grains are promoted at the intersections of
shear bands due to continuous dynamic recrystallization.

2. TEM microstructure reveals the presence of deformation
bands and large dislocation densities in 6 Pass MDF pro-
cessed samples with dislocations tangled around the sub-

Fig. 9 Tensile stress–strain curves of (a) SHT, MDF processed samples and artificially aged samples for selected conditions. Comparison of
mechanical properties of (b) SHT and MDF processed samples and (c) artificially aged samples for selected conditions
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grain and grain boundaries. Further, 12 Pass MDF + peak
aged samples showed distribution of finer precipitates
and dislocation clusters compared to SHT + PA counter-
parts.

3. Microhardness shows a significant increase in hardness
up to 6 passes from 80 to 142 HV, as a result of work
hardening, and a slight increase up to 153 HV after 12
passes. The 12th pass MDF processed sample showed a

maximum hardness of 173 HV during post-deformation
artificial aging.

4. With increase in number of MDF passes, enhancement in
strengths with a trade-off in ductility was observed due
to the effect of strain hardening and grain refinement.
Meanwhile, artificial aging of MDF samples shows fur-
ther increase in strengths with slight increase in ductility
due to the combined effect of grain refinement, strain
hardening and precipitation hardening.

Fig. 10 Tensile fractured surface morphologies of (a) SHT, (b) 3rd pass, (c) 6th pass (d) 9th pass, and (e) 12th pass MDF processed samples
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5. Fractography demonstrates the mixed mode of fracture in
differently processed samples, with SHT samples show-
ing the dominance of dimples. Upon MDF processing,
with increase in the number of MDF passes, the fractured
surface morphologies were dominated by ruptured re-
gions and tearing ridges.

6. Work hardening, high dislocation densities and grain
refinement are primary causes of strength improvement
in MDF processed samples. Apparently, precipitation
hardening enhances material strength on MDF + aged
samples.

Fig. 11 Tensile fractured surface morphologies of (a) SHT + peak aged, (c) 6 pass MDF + peak aged, and (e) 12 pass MDF + peak aged
sample conditions
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