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A B S T R A C T   

This paper aims at assessing microstructure/processing route/mechanical property correlation of a high-strength 
TiB2/Al–Cu–Mg–Ag aluminum alloy, namely A205 alloy, additively manufactured via laser powder bed fusion 
(LPBF) versus the cast counter material. To this end, high magnification advanced microstructural character-
ization in connection with the tensile flow and strain hardening (i.e., work hardening) behavior of the materials 
were studied. Ambient temperature uniaxial tensile tests, based on ASTM E8/E8M, were conducted on the LPBF 
and cast as well as post-heat treated (T7: overaged and stabilized) materials were performed systematically. 
Results show a pronounced discontinuous yielding for the LPBF material along with extended ductility. The 
tensile curve of the LPBF T7 heat-treated material showed some plastic instabilities (Portevin–Le Chatelier effect) 
in the inelastic region. However, none of these phenomena were observed in the cast material, while ductility is 
limited. These responses were attributed to the very high cooling/solidification rates experienced by the LPBF 
materials, which result in a very fine equiaxed and supersaturated aluminum grain structure as compared with 
the coarse-grained structure of the cast counter material.   

1. Introduction 

Precipitation-hardened aluminum alloys, with a great strength-to- 
weight ratio, can be considered good candidates for various high- 
demand and lightweight engineering applications [1]. Among various 
precipitation-hardened aluminum casting alloys, the 
TiB2/Al–Cu–Mg–Ag, known as A205 alloy, is a recently developed 
commercial alloy with enhanced castability (e.g., reduced level of 
casting shrinkage) and strength properties [2,3]. This alloy possesses 
one of the highest ultimate tensile strength values of aluminum cast 
alloys along with excellent high-temperature creep properties owing to 
the existence of thermally stable TiB2 particles within its microstructure 
[4]. 

In the cast state, the optimum strength of the A205 alloy can be 

reached through T7 heat treatment (T7 HT), which is a precipitation 
hardening heat treatment (HT) in Al–Cu casting alloys. As a result of the 
T7 HT, the alloy can reach an overaged (or past peak strength) condition 
without considerable cold working (also sometimes referred to as sta-
bilized). The significant enhancement in the strength of the A205 casting 
material is achieved through the formation of some plate-like finely 
dispersed Al2Cu precipitates [5], with similar chemical composition but 
different habit planes that can effectively hinder dislocation motion. The 
T7 cycle is rather complex as it includes a six-step solution heat treat-
ment followed by a four-step artificial aging process [6]. 

The A205 alloy has been recently commercially offered for the laser 
powder bed fusion (LPBF) process producing an ultrafine-grained 
structure with enhanced mechanical properties relative to the cast 
counter material [7,8]. A state-of-the-art approach in the LPBF of 
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high-strength aluminum alloys (like Al–Cu alloys) is to “modify” the 
microstructure of the material by adding thermally stable ceramic-based 
nanoparticles. To this end, A205 alloy can be considered an aluminum 
matrix composite reinforced with thermally stable (melting temperature 
~3230 ◦C) TiB2 nanoparticles (as the most-used grain refiner in 
aluminum alloys) [9]. The TiB2 nanoparticles not only control the grain 
size and morphology (i.e., ultrafine/equiaxed) but also can enhance the 
toughness (strength and ductility) of the material. Other elements such 
as Ag can develop the high-temperature capability of A205 alloy, while 
Cu and Mg expedite the precipitation hardening of the alloy [8,10]. The 
enhanced ductility that results from grain refinement is strongly reliant 
on the distribution of nanoparticles and the volume fraction of re-
inforcements in the material. The well-dispersed TiB2 nanoparticles 
would most likely pin the grain boundary structure. Pinned grain 
boundaries can act as effective barriers against small crack growth due 
to the crystallographic misorientations around them. Therefore, fracture 
development during plastic deformation is postponed and is prevented 
from spreading. Due to the presence of TiB2 nanoparticles and TiB2 
clusters inside the matrix, TiB2 particle-rich zones can also deviate the 
growing cracks and therefore contribute to the ductility of the structure 
[9,11]. 

Recently, Ghoncheh et al. [12] reported the tensile flow behavior of 
the LPBF A205 alloy and observed a serrated flow (shortly after yielding) 
and yield point phenomenon in the material; however, Ghoncheh et al. 
[12] did not conduct a comprehensive review on the tensile flow 
behavior of the alloy. The serrated flow behavior was also reported by 
Mair et al. [13,14] in the LPBF nano-CaB6 reinforced 2024 aluminum 
and TiB2 modified Al–Cu alloys. Biffi et al. [8] investigated the micro-
structure, processability, and mechanical properties of LPBF TiB2/Al–Cu 
and reported plastic instability and jerky flow behavior of the alloy as 
well with no in detail discussion. Nie et al. [15] observed Portevin-Le 
Chatelier (PLC) effect in the LPBF Zr-modified Al–Cu–Mg–Mn alloy. 
They attributed the PLC effect to the grain refinement induced by the Zr 
and precipitation of Al3Zr. The enhanced tensile strength and the yield 
point phenomenon were observed by Zhang et al. [16] on Zr-modified 
Al–Cu–Mg alloy as well. Recently Hu et al. [17] conducted a compre-
hensive study on the aging response of LPBF Al–Cu alloys and compared 
the microstructure/texture, and tensile response of as-built as well as 
various aged A205 materials. The aging cycle employed by Hu et al. [17] 
included solution treatment + natural aging and solution treatment +
artificial aging (at different times and temperatures). Hu et al. [17] re-
ported the PLC effect only in the as-built A205 material. Upon the 

Fig. 1. STEM-BF images and STEM-EDX mapping of the starting microstructures of the LPBF materials; a) LPBF A205 (as-built), b) LPBF A205 (T7 HT). Clusters of 
TiB2 nanoparticles and different Al2Cu precipitates are visible in the as-built and T7 HT materials, respectively. 
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mentioned post-heat treatments, they described a simultaneous increase 
in both strength and ductility with no PLC phenomenon confirming the 
importance of post-fabrication heat treatment of the additive manufac-
tured Al–Cu alloys. 

Through the correlations between microstructure and mechanical 
properties of LPBF A205 alloy have been established recently, there is a 
tangible lack of knowledge on detailed characterization of tensile 
properties in the as-built and T7 HT condition of this alloy as compared 
with the cast counter materials (as cast and post-T7 HT). Therefore, this 
study tends to correlate the tensile properties, including work hardening 
and fracture behavior of LPBF and cast A205 materials (i.e., as cast, as- 
built, and T7 HT) with advanced microstructural measures including 
transmission electron microscopy and scanning electron microscopy- 
based fractography. We would like to know how tensile properties 
would vary with the processing routes of casting versus LPBF (e.g., so-
lidification rate) and heat treatment. This then would lead us to un-
derstand the potential governing mechanisms of plastic deformation as 
well as the type of fracture behavior (ductile and/or brittle) of the 
materials. 

2. Experimental procedure 

The casting A205 aluminum was produced by mixing preheated 
potassium fluorotitinate (K2TiF6) and potassium fluoroborate (KBF4) 
inorganic salts into melted Al–Cu–Mg–Ag alloy in an atomic ratio 

corresponding to the Ti/B and the desired TiB2 content of the alloy. Ti 
and B atoms released from the salt exothermic reaction forms TiB2 ac-
cording to K2TiF6 + 2KBF4 → TiB2 + 4 KF + 5F2. To get the as-cast ingot, 
the slag needs to be brushed from the top of the melt as thoroughly as 
possible. 

The A205 powder is produced by atomizing the Al–Cu–Mg–Ag–TiB2 
molten material. To this end, Materials Solution Ltd (UK) employed 
A205 powder with particle sizes ranging from 20 to 63 μm (D10 = 21.78 
μm, D50 = 39.16 μm, and D90 = 55.44 μm to manufacture the samples. 
The particle size distribution has been precisely designed to meet the 
needs of all powder bed fusion machines. The A205 samples were laser 
powder bed fused using an EOS M290 machine with 350 W power, 80 
μm laser spot size, 50 μm layer thickness, 1000–2000 mm/s scan speed, 
and 0.05–0.10 mm hatch distance. 

4.65Cu-3.41Ti-1.45B-0.60Ag-0.20Mg-0.08Si-0.06Fe (all numbers 
are weight percentage) is the nominal chemical composition of an LPBF 
A205 sample analyzed by inductively coupled plasma optical emission 
spectroscopy (ICP-OES). 

Cast A205 samples were fabricated by the investment casting 
method, in which the alloy was induction melted and poured at 800 ◦C 
via Sedex 30 ppi filters into investment casting ceramic molds at 200 ◦C. 
One separate group of the LPBF and cast samples was T7 heat treated 
(solutionizing and stabilizing/over-aging). 

Tensile tests were performed using an MTS Landmark equipped with 
a 100 kN load cell in strain-controlled mode up to 5% strain amplitude 

Fig. 1. (continued). 
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Fig. 2. SEM micrographs of the starting microstructures of the LPBF and cast materials; a) LPBF A205 (as-built), b) LPBF A205 (T7 HT), c) cast A205 (as-cast), d) cast 
A205 (T7 HT). 
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Fig. 3. STEM-BF and STEM-EDX mappings of the cast materials; a) cast A205 (as-cast), b) cast A205 (T7 HT). The diffraction pattern of the as-cast samples are 
included in Fig. 3a. The dispersoid shown in Fig. 3b is Ti–Si rich. 

M. Avateffazeli et al.                                                                                                                                                                                                                           



Materials Science & Engineering A 841 (2022) 142989

6

and continued in displacement-controlled mode up to fracture (strain 
rate was 0.001 mm/mm/s) according to ASTM E8. The strain was 
measured with a 10 mm gauge length extensometer. Tensile tests were 
performed three times in each condition to ensure the repeatability of 
the tensile data. 

A Hitachi S-4800 UHR scanning electron microscope (SEM) was 
employed to conduct fractography assessments of the tensile test frac-
tured samples. Using a TenuPol twin-jet electro-polisher, electron- 
transparent samples were prepared for TEM investigations by electro-
polishing 3-mm disks punched from thinned foils. TEM observations 
were performed using an FEI Tecnai Osiris operating at 200 kV, equip-
ped with a SuperEDS X-ray detection system used for chemical analysis. 

3. Results and discussion 

3.1. Starting microstructures 

In this section, we broadly assess the high magnification micro-
structure and microstructural features of the studied LPBF and cast 
materials. Fig. 1 shows scanning transmission electron microscopy 
bright-field (STEM-BF) images of the LPBF materials, i.e., Fig. 1a: LPBF 

A205 (as-built) and Fig. 1b: LPBF A205 (T7 HT). As seen, the 
α-aluminum grains show no preferential orientation (they are equiaxed) 
with the average sizes of 1.1 ± 0.4 μm and 3.5 ± 1.6 μm for the LPBF 
A205 (as-built) and LPBF A205 (T7 HT), respectively. The zoomed-in 
image in Fig. 1a shows the clusters/agglomerates of TiB2 nano-
particles on grain boundaries. These nanoparticles contribute greatly to 
the formation of refined grains in the microstructure of LPBF A205 (as 
built) through pinning the grain boundaries and acting as nucleation 
sites for the new grains [12,18]. The zoomed-in image in Fig. 1b shows a 
higher magnification STEM-BF image within an α-aluminum grain of the 
LPBF A205 (T7 HT) material. Some thin plate-like Al2Cu precipitates, at 
different orientations, are seen within the grains. These precipitates do 
not exist in the as-built material confirming their presence due to the T7 
heat treatment. We assess these precipitates extensively throughout this 
paper. 

Upon preliminary assessment of the microstructure of the cast ma-
terials, we figured out that grains are significantly coarser than the ones 
in the LPBF A205 (as-built and T7 HT) materials. To this end, the STEM- 
BF images, exclusively, may not necessarily provide comprehensive 
images of the cast microstructure (including grains and grain bound-
aries). Therefore, for the assessment of the grain structures in the cast 
material, first, the SEM was employed to see the overall distribution and 
morphology of grains, see Fig. 2 (Fig. 2a: cast A205 (as cast) and Fig. 2b: 
cast A205 (T7 HT)). The α-aluminum grains are equiaxed and some 
distribution of the TiB2 and Al2Cu particles/crystals formed and segre-
gated at the grain boundaries is evident. Upon scanning the micro-
structures several times, to make sure the collected measures are 
representative of the whole microstructure, the average grain size of cast 
A205 (as cast) and cast A205 (T7 HT) were measured as 46.4 ± 13.5 μm 
and 48.5 ± 10.7 μm, respectively. It is seen the T7 heat treatment 
changes neither the grain size nor the morphology of the grains in cast 
materials widely. The pointedly coarser grain size of the cast materials 

Fig. 4. Engineering tensile flow curves of the studied cast and LPBF A205 materials.  

Table 1 
Measured grain size, yield stress (YS), ultimate tensile strength (UTS), and 
percentage of elongation (El%) of the studied materials.  

Materials Grain size (μm) YS (MPa) UTS (MPa) El% 

Cast A205 (as-cast) 46.4 ± 13.5 215 ± 1.6 295 ± 5.5 4.1% ± 1.5 
Cast A205 (T7 HT) 48.5 ± 10.7 441 ± 1.4 501 ± 6.7 5.3% ± 1.6 
LPBF A205 (as- 

built) 
1.1 ± 0.4 309 ± 1.5 350 ± 1.7 12.5% ±

1.1 
LPBF A205 (T7 HT) 3.5 ± 1.6 440 ± 1.7 483 ± 2.4 9.5% ± 1.3  
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relative to the LPBF materials is mainly due to dissimilar cooling/so-
lidification rates in the processes (i.e., very high cooling rate in the LPBF 
process relative to the relatively low cooling rate of the casting pro-
cesses). Upon completion of the SEM studies of the cast microstructures, 
the STEM-BF images were recorded with a small region within the in-
dividual (coarse) grains. Fig. 3 shows the STEM-BF of the α-aluminum 
grains (inside the grain) in cast A205 (as cast), Fig. 3a, and cast A205 (T7 
HT), Fig. 3b. Some coarse Cu-rich precipitates containing Ti can be 
observed in the α-aluminum grains of the cast A205 (as-cast) 
microstructure. 

3.2. Stress-strain flow behavior 

Fig. 4 demonstrates the engineering stress-strain curves of all studied 
materials and conditions. For the sake of comparison, Table 1 summa-
rizes the 0.2% offset stress, the UTS, the elongation, and the grain size 
numbers of the materials. 

Considering the flow curves of the cast A205 (as-cast) and LPBF A205 
(as-built) samples, the absence of typical strength-ductility compromise 
is clear in the as-built material; i.e., the LPBF A205 (as-built) shows 
higher strength and ductility relative to the cast A205 (as-cast) material. 
This is an indication that the randomly oriented equiaxed fine grain 
structure of the LPBF A205 (as-built) is promising to enhance ductility 
and strength simultaneously. Since the diffusion distance between TiB2/ 
Al2Cu particles/precipitates that segregate mainly on grain boundaries 
is shorter when grains are finer, homogenization of the microstructure in 
the LPBF A205 (as-built) material takes less time. Due to the homoge-
nous distribution of equiaxed grains, e.g., absence of coarse grains 
grown epitaxially, when a tensile load is applied, the grains experience a 
more uniformly distributed deformation with no (or less) strain locali-
zation, unlike what is seen in structures with columnar grains like LPBF 
AlSi10Mg alloys [19,20]. As a result, there is a higher degree of defor-
mation coordination compatibility, which reduces the risk of early crack 
nucleation during tensile deformation [21]. 

The LPBF A205 (as built) material shows a yield point phenomenon 
(upper yield point followed by an extended plateau of yielding up to 
about 3% strain) with a low work hardening rate. Unlike the casting 
process with a cooling rate of 1–100 ◦C/s, the LPBF induced very high 
solidification/cooling rates (103–106 ◦C/s) allow for a substantially 
larger extension of Ti and Cu supersaturating into the Al matrix. At room 
temperature, the equilibrium value of soluble Ti in α-aluminum is near 
zero. However, under the very high cooling rate of the LPBF process 
(non-equilibrium condition), Ti remains in supersaturated aluminum in 
the range of 0.48–0.53 wt% [12,14]. This results in enhanced pinning of 
dislocations due to elastic field interaction between the solute atoms 
(solute trapping) in the supersaturated α-aluminum and the moving 
dislocations. Indeed, differences in the shear modulus and atomic size of 
Cu and Ti solute atoms with the aluminum matrix (shear moduli of Ti, 
Al, and Cu are 43 GPa, 25 GPa, and 46 GPa, respectively) may create 
local strain fields that interact with moving dislocations and limit their 
free motions along slip planes [11]. With the continuation of the 
straining (or increasing the applied tensile stress), dislocations would be 
released, and the stress level suddenly drops until dislocations are stuck 
again by the solute atoms [14,15]. This mechanism directly contributes 
to the observed yield point phenomenon in the LPBF A205 (as-built) 
material. 

Fig. 5. STEM-HAADF image showing: a) the presence of PFZs on grain 
boundaries (yellow arrows) and around the TiB2/Al2Cu particles (blue arrows) 
in the microstructure of the LPBF A205 (T7 HT), and b) the absence of the PFZs 
the microstructure of the cast A205 (T7 HT). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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3.3. Correlation between the flow properties and the microstructure 
evolution 

The contribution of TiB2 nanoparticles on the strengthening of the as- 
built material can be summarized as Orowan strengthening via distrib-
uted nano-TiB2 particles, grain boundary pinning (fine grains), and load- 
bearing reinforcement due to interfacial bonding between nano-TiB2 
particles and the aluminum matrix [8,14,22]. The nanosize-TiB2 parti-
cles can also act as heterogeneous inoculants for new dislocations and 
new grains. This is mainly due to stiffness and thermal coefficient 
mismatch between the TiB2 particles and the aluminum matrix. 

Upon subjecting LPBF A205 to T7 HT, the overall strength improves 
compared with the as-built condition. Though the average grain size in 
the LPBF A205 (HT T7) condition, 3.5 ± 1.6 μm, is about four times 
larger than the LPBF A205 (as-built) material, 1.1 ± 0.4, the enhanced 
strength of the LPBF A205 (HT T7) material is attributed to the 
strengthening precipitates including plate-like Ω precipitates on the 
{111} matrix planes. These precipitates were identified considering the 
habit planes and the lattice parameters reported in our previous works 
[12,18]. Upon T7 heat treatment, the sequence of precipitation in the 
Al–Cu–Mg–Ag alloy system is SSSS1→GP zone→θ’’→θ’→θ (Al2Cu), and 
SSSS→ Mg–Ag co-cluster → Ω (Al2Cu) [23]. That is, two phases of 
plate-like Ω (on the {111} Al habit planes), and θ’/θ’’ (on the {001} Al 

habit planes) precipitate in the microstructure [24,25]. It is reported 
that both Ω and θ’ precipitates are formed simultaneously with similar 
chemical compositions though their habit planes are different. The 
{111} plane, being the principal glide plane in the face-centered cubic 
aluminum matrix, the hexagonal-shaped plate-like Ω (Al2Cu) pre-
cipitates effectively impede the dislocation glide and therefore largely 
contribute to the strengthening of the LPBF A205 (HT T7) alloy. The 
presence of silver (Ag) in the A205 alloy would greatly contribute to the 
formation of the Ω precipitates [14,26]. Indeed, Ag acts as an efficient 
trap for Mg atoms to form Mg–Ag co-clusters. The formation of Mg–Ag 
co-clusters, during the early stages of the T7 aging, acts as heteroge-
neous nucleation sites for Ω precipitates. It has been reported that the 
addition of Ag in Al–Cu–Mg alloys suppresses the precipitation of the θ′

phase while encouraging the dense precipitation of the Ω phase, 
resulting in a significant improvement in the age-hardening level [27]. A 
unique feature of the Ω precipitate is its resistance against coarsening (i. 
e., being thermally stable) contributing efficiently to the strengthening 
of the material. That is, to complete the relocation of the thickening 
ledges, the high aspect ratio of the Ω-phase plates necessitates extra time 
for the rearrangement of Ag and Mg atoms along the flat surfaces of this 
phase [28,29]. Considering the LPBF A205 (T7 HT) material, limited 
plastic instabilities (drop in the continuous smooth plastic flow) are 
observed, which are due to the impact of the moving dislocations and 

Fig. 6. HAADF image and elemental mapping of the observed Ti–Si rich dispersoids/intermetallic in the cast A205 (T7 HT) sample.  

1 SSSS: supersaturated solid solution. 
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Fig. 7. STEM-HAADF images of finely dispersed thin plates of θ′ and Ω in; a) cast A205 (T7 HT), b) LPBF A205 (T7 HT). Included in this figure are diffraction spots. 
In Fig. 7b, Ω phase diffraction spots at (1/3){022} and (2/3){022} are observed. 
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diffusing solute atoms on each other. That is, the instability of the dis-
locations can result in the instability of the strain flow which exhibits 
itself as serrations in the stress-strain curves. The decrease in dislocation 
density, due to dynamic recovery, in the LPBF A205 (T7 HT) material 
results in the mentioned limited instabilities in the flow curve. However, 
it is observed that the LPBF A205 (T7 HT) material is still more energy 
absorbent per se (can accommodate more plastic deformation than the 
cast materials) even after the ductility reduction when compared to the 
as-built one. In other words, the enhanced ductility of the as-built ma-
terial can be credited to the finer grain size of the material in which (i) 
stress concentration can be effectively reduced and (ii) the large density 
of grain boundaries allows the material to accommodate more plastic 
deformation before final fracture. These give rise to the extended 
ductility of the fine-grained LPBF A205 materials [30,31] as compared 
with the cast counter materials. 

The reasons for the absence of the yield point phenomenon can be 
attributed to (i) a reduction in the solute concentration in the aluminum 
matrix; in other words, the α-aluminum matrix is to a lesser extent su-
persaturated and therefore no (or less) dynamic interaction occurs be-
tween moving dislocations and Cu/Ti solute atoms, (ii) an overall 
reduction in the density of dislocations due to the annihilation of dis-
locations (dynamic recovery) induced by the T7 heat treatment, and (iii) 
consumption of Cu during the precipitation of the Ω-phase, resulting in a 
progressive depletion of Cu from the supersaturated solid solution [32]. 

Comparing the mechanical properties of LPBF A205 (as-built) and 
cast A205 (as-cast), enhanced strength and ductility are observed for the 
LPBF material with the LPBF A205 (as built) being the most ductile and 
cast A205 (as cast) being the least ductile (most brittle) ones. The 
enhanced mechanical properties of the LPBF A205 (as-built) relative to 
the cast A205 (as cast) material can be attributed to the ultrafine grain 

size of the as-built material relative to the coarse grain microstructure of 
the as-cast material. The refined grain size of the LPBF A205 (as-built) 
material, 40 times smaller, and the solid solution strengthening in the 
LPBF material relative to the cast counter material contribute effectively 
to the higher strength and ductility of as-built material relative to the as- 
cast counter material. However, as seen in Table 1, the UTS of the cast 
A205 (T7 HT) material is slightly higher than the LPBF A205 (T7 HT) 
while its elongation is 44% lower. This is interesting because the grain 
size of the cast A205 (T7 HT) material (48.5 ± 10.7 μm) is significantly 
larger than the LPBF A205 (T7 HT) counter material (3.5 ± 1.6 μm), 
while the difference in strength is not that significant. Therefore, the 
slightly higher strength of the cast A205 (T7 HT) material, as compared 
with the LPBF A205 (T7 HT) counter material is not because of the Hall- 
Petch effect. This can be justified through the fact that the density of 
grain boundaries in the LPBF A205 (T7 HT) is largely more than the cast 
A205 (T7 HT) material; on the other side, grain boundaries act as sinking 
regions for vacancies upon which strengthening precipitates would 
nucleate heterogeneously. That is, precipitates cannot form in the vi-
cinity of the grain boundaries (due to a lack of vacancies as nucleation 
sites), even if the matrix may be supersaturated with the solute atoms. 
Therefore, it is expected (and well documented) to realize precipitate 
free zones (PFZs) on (or in the vicinity) of grain boundaries and/or 
around TiB2/Al2Cu crystals [33,34]. The finer grain size of the LPBF 
A205 (T7 HT) material is equivalent to a higher fraction of grain 
boundaries (as compared with coarse-grained cast A205 (T7 HT) 
counter material) which means a higher fraction/density of PFZs within 
the microstructure. The PFZs are generally detrimental to the mechan-
ical properties as they are soft areas free of solute atoms and/or 
strengthening precipitates [35,36]. As a result, the creation of PFZs 
along grain boundaries (and around TiB2/Al2Cu particles) would 
partially counteract (compromise) the strengthening caused by grain 
refinement in the LPBF A205 (T7 HT) material. Therefore, the me-
chanical strength of the cast A205 (T7 HT) material is slightly higher 
than the LPBF A205 (T7 HT) counter material and this can be attributed 
to a lesser volume of precipitate free zones (PFZs), due to the lower 
density of grain boundaries in the coarse-grained cast A205 (T7 HT) 
material. Fig. 5a shows the presence of the PFZs around the grain 
boundaries (yellow arrows) and the TiB2 crystals (blow arrow) in the 
microstructure of the LPBF A205 (T7 HT). However, the 
similar-magnification STEM-BF image, Fig. 5b, of the counter micro-
structure of the cast A205 (T7 HT) microstructure does not reveal any 
PFZs. Some fiber-like features in Fig. 5b are indeed Ti–Si rich dispersoids 
with Cu, Ag, Mg in minor amounts segregated on the interface 
(boundary) of the dispersoids, see Fig. 6. It is worth noting that, the 
observed high content of silicon (Si) is because this element is included 
in the investment casting process of the Al–Cu–Mg–Ag–Ti–B alloy to 
enhance the melt fluidity and to refine the grain size. 

As briefly mentioned before, the higher strength of the cast A205 (T7 
HT) relative to LPBF A205 (T7 HT) material can also be attributed to a 
larger number density of finer Ω precipitates of the cast material relative 
to the LPBF counter material, see Fig. 7a and b. These STEM-BF images, 
taken at the same magnification, show that the Ω precipitates are coarser 
in the LPBF A205 (T7 HT) material compared with the cast A205 (T7 
HT). Also, the number density of Ω phase in the cast A205 (T7 HT) 
material is higher than the LPBF A205 (T7 HT) counter material, 136/ 
201601 nm2 as opposed to 41/201601 nm2. 

Cast A205 (as-cast) material shows the least ductility and strength 
among the studied materials. Considering the STEM-BF images of the 

Fig. 8. STEM-BF images of the cast A205 (as-cast) showing two grains 
(partially) and coarse/discrete precipitates on the grain boundaries. 
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Fig. 9. Elemental mapping of the discrete precipitates on the grain boundaries of the cast A205 (as-cast) material.  
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cast A205 (as cast), see Fig. 8, some coarse and discrete precipitates were 
observed on the grain boundaries. Corresponding EDS maps show, see 
Fig. 9, that these are Cu-rich precipitates comprising Ag and Mg. Due to 
the presence of these disconnected precipitates at the GBs, stress- 
tolerance limits of the GBs would be abridged, and this would lower 
the toughness (strength and ductility) of the cast A205 (As-cast) mate-
rial. Further on the cast A205 (as-cast) material and indexed along the 
[001] zone axis (ZA), Fig. 10, we observed coarse (rod-like) Cu-rich 
precipitates on which silver elements segregate at the interface. It is 
worth noting that upon post T7 heat treatment, these Ag elements that 
co-exist with Mg promote the nucleation of the finely dispersed 
Ω-phases. 

3.4. Work hardening rate 

To obtain a better perception of the mechanical behavior of the 
studied LPBF and cast materials, the work hardening rate parameter, 
ratio of true stress (σT), to true strain (εT) written as ∂σ

∂ε, versus true strain, 
εT (mm/mm) plots were developed. Fig. 11a shows the true flow curves 
σT-εT of the tested materials and Fig. 11b contain the corresponding ∂σ

∂ε- εT 
plots. 

The work hardening rate plots show a typical first reduction (elastic/ 
plastic shift [8,37]). In the LPBF A205 (as-built) material, the very low 
values of the work hardening rate up to about 3% correspond with the 
initial yield stress plateau. Thereafter, the strain hardening increases 
over 2000 MPa and then falls until Considère’s criterion is fulfilled, 

suggesting uniform elongation and necking are achieved before the final 
failure. The work hardening plot of the LPBF A205 (T7 HT) material 
shows a similar initial drop followed by a continuous decrease along 
with some sudden jump and drop corresponding with limited in-
stabilities in the uniform plastic domain. Also, there are some serrations 
visible in the plot of the LPBF A205 (as-built) material, while more 
intense serrations can be seen for the LPBF A205 (T7 HT) material. 

The limited work hardening rate of the LPBF materials can be 
attributed to notably refined equiaxed grains which lead to higher 
interaction between dislocations and large density of grain boundaries, 
as well as a large density of PFZs [11,37]. Due to the presence of a large 
number of grain boundaries, the generated dislocations, caused by the 
tensile straining, could not effectively accumulate/store within the 
grains (i.e., dislocation forest) to enhance the work hardening, i.e., being 
annihilated by other dislocations and/or swallowed into grain bound-
aries. In other words, for the LPBF A205 (as-built) material, at the end of 
the yield plateau (about 3% strain), the generated and accumulated 
dislocations would effectively be annihilated with a large density of 
grain boundaries [38,39]. 

The rate of work hardening, at the early stages of the plastic flow, of 
the cast materials (as cast and cast-T7) is higher than the LPBF materials. 
The origin of the work hardening behavior in the A205 cast materials 
could be linked to stiffness incompatibilities between the matrix 
(α-aluminum) and the TiB2 particles (on the α-aluminum grain bound-
aries) during plastic deformation resulting in some back stress in the 
matrix [40]. Because the direction of this resistance is opposite of that of 
the applied stress, it inhibits plastic deformation (e.g., dislocation slide) 

Fig. 10. Coarse (rod-like) Cu-rich precipitates with segregation of the trace elements (Ag and Mg) in the cast A205 (as-cast) material.  
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and thus contributes to work hardening. Furthermore, the interface 
between the TiB2 particles and the α-aluminum matrix, due to their 
significantly different stiffness and coefficient of thermal expansion, 
would act as a perfect site for dislocations generation and emission 
which results in a large local dislocation density and dislocation accu-
mulation. This would eventually obstruct dislocation movement and 
contribute to hardening through the dislocation forest mechanism. 
Added to these would be less density of grain boundaries in the 
coarse-grained cast materials resulting in less probability for disloca-
tions being sunk in (swallowed by) the grain boundaries. Also, the lower 

density of grain boundaries in the cast material is equal to the lower 
possibility of PFZs’ occurrence. 

3.5. Fractography assessments 

To better assess the nature of the tensile fracture and the features of 
the fracture surface, extensive SEM fractography studies were performed 
on the LPBF and cast materials. Fig. 12 shows the SEM images of the 
tensile fracture surfaces of the LPBF A205 materials in the as-built and 
T7 HT conditions. 

A large density of fine dimples (approximately the same size of 
grains) is observed on the fracture surface of the LPBF A205 (as-built) 
material (Fig. 12a). This is an indication of typical ductile fracture with 
large strain to fracture capacity (see Fig. 4). A higher magnification SEM 
image of the as-built material shows Cu-rich and Ti-rich precipitates on 
the bottom of the dimples. When it comes to the LPBF A205 (T7 HT) 
fracture surface, though dimple structure is there, the presence of pre- 
existing pores, acting as stress intensifies, is more pronounced, 
Fig. 12b, limiting the ductility of the LPBF A205 (T7 HT) relative to the 
LPBF A205 (as-built) material. 

The fracture surface of the cast materials shows the coarse distri-
bution of dimples with the accumulation of some TiB2 clusters and Al2Cu 
particles inside the dimples (see Fig. 13a& b). The coarse crystals/par-
ticles are weak sites that readily de-bond from the α-aluminum matrix 
during mechanical testing. Coarse dimples, debonding, and microcracks 
contribute to the lower ductility of the cast relative to the LPBF A205 
counter materials. Some inter-granular/trans-granular cracks are 
observed on the fracture surface of the as-cast material (shown with 
yellow arrows in Fig. 13a), which is responsible for the very limited 
ductility of the cast A205 (as-cast) specimen relative to the cast A205 
(T7 T7) material where no obvious cracking was observed on the frac-
ture surface. 

4. Summary 

In the present research, a comprehensive study was performed on the 
tensile behavior of A205 alloy, fabricated via LPBF and investment 
casting, to compare and correlate the process-induced microstructure 
with the tensile stress-strain flow curves of the materials. The main 
findings are listed here:  

• Low work hardening rate, upper yield point, limited plastic flow 
instabilities, and appreciable elongation were observed in the tensile 
curves of the LPBF materials.  

• Upon T7 heat treatment on the LPBF material, strength improves 
substantially, the yield point phenomenon disappears, and some PLC 
effect is observed.  

• Unlike the LPBF material, limited ductility with no traces of PLC 
effect and no yield point phenomenon was observed in the cast 
counter material.  

• The T7 heat treatment improves the ductility and strength of the 
cast-T7 relative to the as-cast material.  

• Small dimples on the fracture surface of the LPBF materials relative 
to the presence of broken coarse precipitates, traces of debonding, 
and some microcracks on the fracture surfaces of the cast counter 

Fig. 11. a) True stress-strain curves, b) work hardening rate versus true strain 
for the studied materials. 
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Fig. 12. SEM fractography images showing dimple features and pores on the fracture surfaces of LPBF A205 in the a) as-built and b) T7 HT condition.  
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Fig. 12. (continued). 
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materials confirm the enhanced ductility of LPBF materials relative 
to the cast counter materials. 
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Fig. 13. (continued). 
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