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Evolution of Microstructure in Al-Si-Cu System Modified with a Transition Element 
Addition and its Effect on Hardness
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The effect of Ni 1-2 wt.% addition on the microstructure and hardness of the aged A319 alloy 
were studied. Characterization analyses by x-ray diffraction, optical microscopy and scanning electron 
microscopy suggest clearly that Ni addition forms Al-Ni-Cu-Fe, Al-Cu-Ni and Al-Ni intermetallic 
compounds that correlates well with equilibria conditions. Analyses by transmission electron microscopy 
show that aging heat treatment promotes microstructural changes in morphology, size, and spatial 
distribution of precipitates. Vickers micro-hardness test of Ni 1 and 2 wt.% specimens have a hardness 
increase from that of A319 alloy of ~6-8% with mean values of 140.98 and 142.93 HV, respectively.
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1. Introduction

The aluminum alloys are commonly used in the automotive 
industry, from its excellent combination of strength and 
ductility1, moreover, of their high strength/weight ratio, 
corrosion resistance, excellent thermal conductivity and high 
cast ability allows the casting of complex forms2.

The A319 alloy, an Al-Si-Cu system, is commonly used 
in engine blocks and cylinder heads normally with a T6 heat 
treatment to improve mechanical properties. Kinetically, time 
and temperature, are two important variables to control during 
solution heat treatment (SHT) as they are responsible for Si 
modification and dissolution of Cu and Mg enriched phases. 
The last is known as a diffusive process that strengthens the 
alloy matrix. During conventional SHT, the temperature must 
be kept below the melting point of the Cu-rich phases in order 
to avoid incipient melting e.g. ~ 500 °C. However, it should 
be high enough to create the optimum conditions for Cu-rich 
phase dissolution and Si spheroidization. The standard T6 
temper for A319 alloy consist in solution treatment for 8 h 
at 495 °C and artificial aging at 155 °C3-5.

The effects of heat treatments in Al-Si-Cu alloys have been 
studied by different techniques from different authors1,2,6,7. 
The authors reported that β-Mg2Si, θ-Al2Cu, Al2CuMg, and 
Al4CuMg5Si4 phases are dissolved during the SHT and are 
highly responsible of hardening of Al-Si-Cu-Mg, e.g. A319 
type-alloys, after aging. In the case of A319 alloys different 
aging temperatures have been studied from 150 to 240 °C. 
F.J. Tavitas Medrano et. al.,5, have reported a higher Vickers 

microhardness values and tensile strength at 170 °C compared 
to 155 °C of the standard T6 temper.

In aluminum alloys, some transition metals like Ni 
and Fe, and some rare earths like Ce, which the main 
characteristic is their low solubility in Al e.g. maximum of 
0.01% to 0.04%, are employed in Al-Cu and Al-Si alloys 
to improve strength and hardness at elevated temperature. 
This is correlated mainly to impact its coefficient of thermal 
expansion8. Other authors have reported to enhance the 
mechanical properties from a formation of Zr-Ni intermetallic 
in Al-Si-Cu-Mg alloys modified with small amounts of Ti-
Zr-Ni9,10. Hayajneh et. al.,11 have studied the effect of Ni 
additions in the mechanical response in Al-Cu system. They 
have reported Al3Ni, Al3(CuNi)2 and Al7Cu4Ni intermetallic 
compounds formations, which have a direct relationship 
with mechanical properties. Mohammad M. Hamasha et. 
al.,12, have reported in Al-Cu-Ni alloys an increment in 
hardness as a function of Cu and Ni contents. In the same 
line of research, others investigations have reported Al9FeNi 
Intermetallic compound formation, which does not exhibit a 
‘Chinese script’ or flake morphology like others Fe-phases, 
this also presents a relative high thermal stability13.

Because of the above described research, this work 
elaborates to undertake the effect of Ni additions in A319 
alloy by hypothesizing that variation of microstructure and 
size of precipitates changes its Vickers micro-hardness. 
The results are presented and discussed as a function of 
Ni addition and different times in solution and aging heat 
treatments.
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2. Experimental procedure 

The raw materials in present study were commercial 
A319 alloy and Al-20Ni (wt. %) as a master alloy. The A319 
alloy was melted in a Linderg BlueTM electric furnace at 740 
°C. The Al-20Ni master alloy was added into the melted 
A319 alloy in different proportions to obtain A319-1Ni 
(wt. %) and A319-2Ni (wt. %) alloys. Composition of the 
A319 alloys and A319 alloys modified with Ni additions are 
shown in Table 1. Thereafter, each alloy was degassed for 5 
minutes with argon gas (20 psi), using a graphite propeller 
followed by a final 0.33 wt. % of Al-5Ti-1B addition as a 
grain refiner. The alloys were casted into preheated steel 
molds (Φ = 2 cm, h = 10 cm) at 260 °C. Subsequently, 
heat treatment (SHT) were done at 495 °C during 5 and 7 
h in a Linderg BlueTM electric furnace with a heating rate 
of 50 oC/min followed by a quenching in water at 60°C. 
Aging heat treatments were done in a FelisaTM furnace at 
170°C for different period of time (0.5, 4, 6, 10 and 96 
h), followed by quenching in water at room temperature. 
The microstructure of samples after heat treatments was 
characterized by x-ray diffraction (XRD), scanning electron 
microscopy (SEM) and transmission electron microscopy 
(TEM). XRD analyses were performed in a Panalytical 
X’Pert PRO diffractometer at conditions of 40kV and 35 
mA with Cu Kα radiation of λ = 0.15406 nm. Analyses 
by SEM were carried out in a Jeol TM 5800 LV operated 
at 20 kV. SEM samples were prepared by conventional 
metallography techniques. TEM observations were carried 
out in a Jeol TM JEM2200F+CS operated at 200 kV. TEM 
samples were prepared by electropolishing procedure in 
a Struers TM tenupol 5 using a mixture MeOH:HNO3, with 
a ratio 80:20 in volume at -50 °C. The electron diffraction 
patterns were obtained by nano beam diffraction technique 
(NBD) with a probe size about 40 nm. Vickers microhardness 
tests were done in a Future Tech TM FM-7 Microhardness 
Tester. Polished surfaces, 100 g of load and 15 s of dwell 
time were the conditions for this test. The average of 10 
indentations is reported.

3. Results and Discussion

3.1 Optical Microscopy (OM)

A representative micrograph of the microstructure of 
A319 alloy as cast condition is illustrated in Figure 1a. 
This is named as reference sample in the present study. 
The microstructure consists primarily of a dendritic 

morphology with dendritic α-Al arms, Si-rich platelets, 
Al-Cu phases and Fe-containing intermetallic compounds. 
The Ni addition in Al-based alloys forms Al-Ni intermetallic 
compounds, which show high thermal stability and 
improve its mechanical properties at elevated temperatures. 
The Figures 1b and 1c illustrate the as-cast condition 
microstructure of A319 alloy modified with Ni additions 
of 1 and 2 wt. %, respectively. In these illustrations, the 
presence of platelets-like Al-Ni intermetallic compounds 
and reduction in size of dendrites respect to reference 
sample are clearly observed. The process of Ni addition 
suggests Al-Ni intermetallic compounds formations act 
as potential sites of heterogeneous nucleation that lead 
to a microstructure refinement.

3.2 Scanning Electron Microscopy (SEM)

The microstructures of the A319 alloy modified with 
1 wt. % Ni and solubilized for 5 and 7 h, are showed in 
Figures 2 and 3, respectively. Spatial distribution obtained 
by energy dispersive spectroscopy (EDS) mapping elements 
e.g. Al, Si, Cu, Fe, Mn and Ni and chemical composition of 
principal phases are also included. These figures illustrate the 
presence of Si-rich and Al-Fe-Mn-Si phases with rounded 
and elongated needles morphologies. Spheroidization and 
diminution in aspect ratio of Si-rich phases during SHT are 
observed. This results in a loss of interconnectivity of the 
eutectic phases14,15. Figure 2 illustrates Al-Cu-Ni phases 
with Chinese script type morphologies. The formations of 
these intermetallic compounds are expected in Al-Ni-Cu 
alloys and greatly reduce Cu content available in Al-matrix 
for its precipitation and consecutive hardening16,17. Figure 3 
illustrates the dissolution of Al-Cu-Ni phases with Chinese 
script type morphology, Cu content in those phases is 
expected that decrease from that longer solution times ~7 
h favor higher Cu dissolution.

The microstructure of the A319 alloy with Ni 2 wt. 
% after SHT at 495 °C for 5 h is presented in Figure 4. 
It is observed an increment of the Ni in modified alloys 
which affects volume-fraction and chemical composition 
of the Ni-containing phase. In addition, there is no 
evidence of Al-Cu-Ni phases with Chinese script type 
morphology, only Al-Ni-Cu-Fe phases with plate-type 
morphology. The above is expected from a higher Ni 
content stabilizes the Ni-containing phases. In the other 
aspect of analysis, the volume-fraction and morphology 
of eutectic Si is independent of the Ni concentration as 
previously reported by14.

Table 1: Chemical compositions of the A319 alloy and A319 alloys modified with Ni additions. (wt. %).

Alloy Si Cu Mg Mn Fe Ni Zn Cr Ti Sr Al

A319 8.32 2.80 0.50 0.55 0.77 0.02 0.41 0.33 0.14 0.01 Bal

A319 + 1Ni 7.79 2.97 0.50 0.44 0.67 1.12 0.41 0.3 0.13 0.00 Bal

A319 + 2Ni 7.75 2.82 0.43 0.37 0.58 2.03 0.38 0.03 0.10 0.00 Bal
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Figure 1: OM micrographs of : a) A319 alloy b) and c) A319 alloy modified with 1 and 2Ni (wt. %), respectively, in as cast condition.

Figure 2: SEM micrograph, EDS mapping and measurement of chemical composition corresponding to phases of the A319 alloy modified 
with 1Ni (wt. %) after SHT for 5 h.

Figure 3: SEM micrograph, EDS mapping and measurement of chemical composition corresponding to phases of the A319 alloy modified 
with 1Ni (wt. %) after SHT for 7 h.
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Figure 4: SEM micrograph, EDS mapping and measurement of chemical composition corresponding to phases of the A319 alloy modified 
with 2Ni (wt. %) after SHT for 5 h.

3.3. X-Ray Diffraction (XRD)

Reference sample XRD analyses and those modified with 
Ni additions were carried out mainly to identify crystalline 
phases and presence of compounds in two fold: (a) as-cast 
condition and (b) after SHT at 495 ºC for 7 h. Figure 5 
illustrates the XRD patterns. In reference sample as-cast 
condition are observed phases corresponding to Al and Si. 
The characteristics Cu rich phases (Al2Cu and Al2CuMg) 
and those thermally stables containing Fe (Al8FeMg3Si6 
and AlFeSi) are easily identified. However, after SHT 
dissolution of phases containing Cu, (Al2Cu and Al2CuMg) 
are observed. Samuel et. al.,18 have reported the dissolution 
of 75 % of θ-Al2Cu phase after SHT at 515 ºC for 8 h. Recent 
investigation19 in Al-Si-Cu-Mg alloy have reported partial 

Figure 5: XRD patterns obtained in A319 alloy with and without Ni additions a) as cast condition and b) after SHT at 495 °C for 7 h.

dissolution of θ-Al2Cu phase in a range of 300 to 500 ºC. 
These are in agreement with results reported in Figure 5. 
It is identified in A319 alloy modified with Ni after SHT 
phases with Al, Ni and Fe content and dissolution of Cu 
rich phases. These results conclusively confirm that phases 
containing Ni (others reported Fe) present a high thermal 
stability and remain present after SHT17.

3.4 Vickers Micro-hardness (HV)

The resulting improvement of the mechanical 
properties after T6 heat treatment is directly correlated 
to the interdendritic Si and the precipitation hardening as 
previously reported4,20,21. The eutectic Si is spheroidizing in 
shape and reduces its size during solution heat treatment. 
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The aluminum matrix is over saturated with Cu and 
Mg. After SHT, the precipitation mechanism is directly 
correlated to the strengthening process4,9,21. Vickers micro-
hardness (HV) tests were undertaken to evaluate the effect 
of precipitation hardening and Ni addition in aluminum 
matrix. Figure 6 illustrated the measured HV values as a 
function aging time in reference sample and those modified 
with Ni additions. The slope (dHv/dt) shows an increment 
in hardness values as a function of aging time reaching a 
maximum value and follows a slope reduction suggesting 
a mechanical response reduction. The HV values in alloys 
modified with Ni additions are higher than those found 
in reference sample. For A319 alloy, a maximum value 
of 133.15 HV has been obtained in samples aged for 360 
min (6 h), similar to the value of 134 HV has reported by 
Tavitas-Medrano et al.5 for A319 alloy modified with (Mg 
and Sr). For the A319 alloys with Ni additions, maximum 
values of 140.98 and 142.93 HV have been obtained in 
samples aged 360 min (6 h) and 240 min (4 h) for Ni 1 
and 2 wt. %, respectively.

Several authors1,7 suggest that θ’’, θ’-Al2Cu and β’-Mg2Si 
(coherent and Semi-coherent) metastable phases are the 
main responsible for the increment in hardness, and θ-Al2Cu 
β-Mg2Si (Incoherent) and stable phases are responsible for 
the decrement. It is observed that increasing the Ni content 
in the A319 alloy increases HV values and peak of hardness 
appears at shorter aging time. Additionally, in samples 
modified with Ni additions the hardness values decreases 
slowly during overaging condition. This means that Ni 
additions slow down the coarsening kinetics of θ-Al2Cu 
phase which agrees with reported by Hayajneh et. al.,11. 
However, other studies9,14 have reported that the addition 
up to Ni 1.41 wt. % decreases the hardness and tensile 
properties from less available Cu to form θ’’ and θ’-Al2Cu 
phase during aging treatment.

Figure 6: Vickers microhardness as a function of aging time for 
the A319 alloy and those modified with Ni additions, the samples 
were SHT at 495 °C for 7 h and aged at 170 °C for different times.

3.5 Transmission Electron Microscopy (TEM)

Characteristics of precipitated phases and its interfacial 
microstructural development have direct correlation to its 
mechanical properties. TEM illustrates a direct relationship 
to understand the Ni effect on its mechanical behavior for 
the samples studied in this work. The Figure 7a illustrates 
the main microstructural characteristics of precipitated 
phases and the indexed TEM-NBD pattern in reference 
sample after T6 heat treatment. The STEM-Brigth-Field 
(BF) micrograph illustrates precipitates with noodles-like 
morphology, thickness of 2 to 5 nm and length between 30 to 
100 nm. This morphology is typical of θ’-Al2Cu precipitates. 
In the TEM-NBD pattern obtained along to the [110] zone 
axis different kinds of spots are observed, those with higher 
intensity correspond to aluminum matrix and θ’-Al2Cu phase, 
along theses spots, it is observed the presence of streaks, 
which are generated for Guinier-Preston (GP) zones22,23. 
Furthermore, the presence of diffuse satellites around the 
principal spots have been reported in aged Al-Cu alloys from 
spinodal decomposition22,24,25. The Figure 7c illustrates a close 
up of these precipitates which have been reported partially 
coherent and metastable phases with body-centered tetragonal 
crystal structure. The lattice parameters are a=b=0.406 nm, 
c=0.58 nm and space group I4/mcm2,24,26,27. The Figure 7b 
illustrates EDS elemental microanalyses of aluminum matrix 
and acicular precipitates and confirms the presence of Cu 
and Al in these precipitated phases. 

The Figure 8 illustrates STEM-BF micrographs of A319 
alloy modified with Ni 1 and 2 wt. % after SHT for 7 h and 
aged for 10 h. Figures 8 a-b illustrate the precipitates (Al2Cu) 
as well as the corresponding indexation of TEM-NBD 
patterns. The size of precipitates in this alloys are smaller 
than those presented in reference alloy. The thickness and 
length of these precipitates are around 0.6-1.5 nm and 9-28 
nm respectively, and a higher number density of precipitates 
is clearly observed. The TEM-NBD patterns obtained 
along to the [110] zone axis show the principals reflections 
corresponding to the α-Al matrix. Streaks and the diffuse 
satellites were observed in the diffraction pattern of the Figure 
8b which are attributed to the presence of GP zones and 
spinodal decomposition. The HRSTEM micrograph (Figure 
8c) shows one of the full coherent precipitates present in the 
microstructure of the modified alloy 2 Ni (wt. %), which 
is formed by 4-6 atomic layers. These precipitates phases 
could correspond to GP-II zones or θ’’-Al2Cu. It has been 
previously reported as coherent and formed approximately 
by 5 atomic layers in thickness28. The results presented in 
the hardness graphs of Figure 6, as well as the observations 
obtained by STEM in this investigation, are correlated with 
the results presented by Wiengmoon et. al.,26. This author 
reported in A319 alloy that the hardness peak in aged condition 
is obtained in the presence of a higher number density of 
θ’’ and a lower number density of θ’. In addition, Sjolander 
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Figure 7: a) Bright field (BF) STEM micrograph of reference alloy and NBD pattern, b) EDS elemental microanalyses of Al2Cu precipitates 
and c) Z-contrast HRSTEM micrograph of θ'-Al2Cu precipitate after aging at 170 °C for 10 h.

Figure 8: a) and b) Bright field (BF) STEM micrographs and NBD patterns of alloys modified with 1-2Ni (wt. %) respectively, c) Bright 
field (BF) HRSTEM micrograph of full coherent precipitate in alloy modified with 2Ni (wt. %) after aging at 170 °C for 10 h.

et. al.,2 reports that the higher strength is obtained when a 
higher fraction of θ’’ is present. 

The differences in size and number density of precipitates 
phases between the reference alloys and those modified could 
be attributed to the Ni addition. The SHT time is an important 
variable in the process. The longer solution times contributes to 
a higher dissolution of Cu phases and improve the precipitation 
of θ’’ and θ’-Al2Cu during aging step. However, because of Ni 
additions, the precipitation sequence and kinetic were modified. 
This last step resulting in a high number density of precipitates 

with smaller size. The effect of this step in precipitation sequence 
is observed in the hardness graph (Figure 6). This shows a direct 
effect in the strengthening behavior. Alloys modified with Ni 
additions show higher hardness values than the reference alloy. 
Additionally, in this figure a delay on precipitation kinetic is 
observed, being more evident in the overaging step. Another 
significant effect of Ni addition is the slow hardness process gains 
during overaging condition. This effect is attributed to difference 
in size of θ-Al2Cu precipitates phases in the reference alloy and 
the alloys modified with Ni additions in equal aging times.



65Evolution of Microstructure in Al-Si-Cu System Modified with a Transition Element Addition and its Effect on 
Hardness

4. Conclusions 

The effects of Ni additions and heat treatments on the 
microstructure, hardness and aging kinetics to the A319 
aluminum alloy were investigated. The following results 
were obtained.

1. The Ni additions of 1 and 2 wt. % to the A319 alloy 
favored the formation of intermetallic compounds 
containing Ni (Al-Ni-Cu-Fe, Al-Cu-Ni and Al-Ni). 
Furthermore, changes in morphology, distribution, 
type, size and number density of the Al2Cu precipitates 
formed during aging heat treatment were observed

2. TEM analyses in the reference alloy showed a 
higher number density of semicoherent θ’-Al2Cu 
precipitates. By the other hand, in the microstructure 
of A319 alloy modified with Ni addition of 1 and 
2 wt. % a higher number density of small and full 
coherent precipitates was observed 

3. Increase of hardness values between ~6-8% in 
samples modify with Ni additions was obtained. 

4. In samples modify with Ni additions a slow coarsening 
kinetics of θ´-Al2Cu was observed,   mainly in the 
overaging condition.
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