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Abstract
In this study, the low frequency electromagnetic casting (LFEC) technology was adopted to fabricate 2195 Al–Li alloy. The 
microstructure and solid solubility of as-cast 2195 alloys, as well as the second phase precipitation and tensile properties after 
aging, were investiagated and compared with the counterpart direct chill casting 2195 alloy. Our results indicate that LFEC 
can significantly improve the microstructure and metallurgical quality of as-cast alloy, and increase the number density of θ′ 
(Al2Cu) and T1 (Al2CuLi) phases during aging treatment due to the enhanced solubilities of alloying elements. The tensile 
properties of 2195 aged alloy cast by LFEC were hence improved evidently.

Keywords  LFEC (low frequency electromagnetic casting) · 2195 Aluminum–lithium alloy · Casting defects · 
Microstructure · Tensile property

1  Introduction

Al–Li alloys, especially the Al–Cu–Li alloys, alloys are 
widely applied for aerospace industries due to their good 
combination of low density, high elastic modulus, high spe-
cific strength and specific stiffness [1, 2]. The most impor-
tant prerequisite for acquiring a high performance of alu-
minum–lithium alloy products is the production of a high 
metallurgical quality casting ingots. However, conventional 
direct chill casting (DCC) process would cause a series of 
casting defects in aluminum–lithium alloy ingots such as 
oxide inclusions, porosity, coarse grains, and serious segre-
gation of alloying element at grain boundaries. These unfa-
vorable facts limited the applications and development of 
aluminum–lithium alloys [3, 4]. The molten aluminum–lith-
ium alloys are extremely easy to be oxidized and the melt is 
prone to absorb hydrogen, [5]. In addition, lots of eutectic 

structures of Al, Cu, Mg Ag and Li form at grain boundaries 
during non-equilibrium solidification [6], as a consequence 
of serious grain boundary segregation. These can cause a 
sharp deterioration in strength and toughness of the alloy. 
For that matter, electromagnetic casting methods have been 
introduced to weaken the influence of grain boundary seg-
regation, for example, Zhang [7] and Wang et al. [8] have 
obtained high solid solubility as-cast aluminum alloy ingots 
by refining and electromagnetic process (CREM) and elec-
tromagnetic casting (EMC), respectively. But these studies 
have no quantitative analysis on the solid solubility of alloy-
ing elements.

Meanwhile, a more effective and pollution-free casting 
technology, low frequency electromagnetic casting (LFEC), 
was proposed and researched by Cui and his team [9]. LFEC 
is carried out by using a lower frequency than that in the 
casting, refining and electromagnetic process (CREM) pro-
posed by Vives [10]. The flow and temperature distribution 
of melt in the sump are improved by LFEC. In recent years, 
we have seen a growing interest in the production of magne-
sium alloy and aluminum alloys by LFEC owing to a series 
of characteristics and advantages, such as refined microstruc-
ture, improved surface quality of ingots, improved macro-
segregation, eliminating cracks and increased intra-granular 
solid solubility of alloy elements [11–14], which are all the 
key aspects to prepare the high quality aluminum–lithium 
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alloy ingots. But, so far, there are few reports on the casting 
technology of aluminum–lithium alloys.

In this study, the 2195 aluminum–lithium alloy ingots 
were cast by DCC and LFEC, and then prepared into cylin-
drical bars under the same conditions of extrusion process 
and heat treatments. To explore the effects of LFEC on the 
microstructure, intra-granular solid solubility of alloy ele-
ments, and tensile properties of 2195 aluminum–lithium 
alloy. Ultimately, an efficient method and optimized param-
eters of LFEC were given to prepare of high-quality 2195 
aluminum–lithium alloy ingots.

2 � Experimental

2.1 � Alloy Preparation

The Al (99.9%), Mg (99.9%), Ag particle (99.99%) Li 
(99.9%), and the master alloys of Al–20Cu, Al–3Zr, 
A1–5Ti–B were chosen as the raw materials. The chemi-
cal composition of 2195 alloy and analyzed composition of 
as-cast alloy ingots detected using ICP, shown in Table 1.

The preparation of ingots could be divided into two steps: 
smelting and casting. The smelting was implemented by a 
10 kW electrical resistance furnace with a stainless crucible. 
When the temperature of molten alloy kept at 700 °C stead-
ily, the smelting was completed and the casting was ready 
to begin. The molten alloy was moved into the crystallizer 
mold through the hot top at 700 °C before being cast into 
ingots with a diameter of 125 mm at a cooling water of 45 
L/min and at a casting velocity of 125 mm/min. Meanwhile, 
the LFEC device had been turned on. During the casting 
process the frequency of low frequency electromagnetic field 
would remain unchanged at 10 Hz and 20 Hz and the cur-
rent intensity of low frequency electromagnetic field would 
change from 0 A (DCC), to 50 A, to 100 A, to 150 A. The 
low frequency electromagnetic field was implemented by a 
100 turns coil arranged outside the mold. A graphite ring 
was set in the crystallizer mold, and the calcium silicate hot 
top with a SiC coating was embedded above the graphite 
ring for reducing the heat loss of melt. The equipment of 
LFEC schematically is shown in Fig. 1.

All of the ingots were homogenizing heat treated at 505 
℃ for 20 h. The surfaces of about 8 mm of the ingots were 
removed, and then were extruded at 400 ℃ into bars with 
a radius of 16 mm at an extrusion ratio of 15. These bars 
were solid solution heat treated at 505 ℃ for one hour and 

quenched into cold water immediately. Finally aging heat 
treated at 150 ℃ for 30 h (T6 treatment). As shown in Fig. 2, 
samples for microstructure observation and tensile test were 
taken from different positions in the ingot.

2.2 � Characterizations and Testing

In this research, the effects of LFEC on the microstructure, 
intra-granular solid solubility of alloy elements, and tensile 
properties of 2195 aluminum–lithium alloy were investigated 
by using an optical microscope (OM), a scanning acoustic 
microscope (SAM), a transmission electron microscope 
(TEM), an inductively-coupled plasma atomic emission 
spectroscope (ICP), a differential scan calorimeter (DSC), 
an X-ray diffraction meter (XRD), an electron probe micro 
analyzer (EMPA), and a tensile testing machine. The as-cast 
samples for microstructure observation were observed by a 
Leica optical microscope. Samples for SAM with 20 mm 
thickness were scanned by a KSI scanning acoustic micro-
scope with 50 MHz. The white spots (casting defects) in 
the SAM photos were measured and counted by Image-Pro 
Plus. The element mappings and the casting defects of the 
as-cast samples were determined by JXA-8530 electron 
probe micro analyzer. TEM observation was conducted on 
a Tecnai G220 transmission electron micro-scope operating 
at 200 kV. The samples for TEM observation were mechani-
cally thinned and twin-jet polishing thinned to 50–80 µm. 
The number density and length of T1 phase and θ′ phase 
were measured from four TEM photos by Image-Pro Plus. 
The DSC tests were carried out by a Netzsch 404F3 differ-
ential scanning calorimeter with a heating rate of 10 °C/min 
from 25 to 600 °C. The XRD tests were implemented by a 
3064 XPERT-Pro X-ray diffraction meter with a scanning 
step length of 0.02°, the scanning ranged from 5° to 90°. 

Table 1   Nominal and analyzed 
compositions of a 2195 alloy 
(wt%)

Element Cu Li Mg Ag Zr Ti Fe Si Al

Nominal 3.70–4.30 0.80–1.20 0.25–0.80 0.25–0.60 0.08–0.16 –  < 0.10  < 0.10 Bal
Analyzed 4.15–4.26 1.08–1.15 0.38–0.45 0.39–0.41 0.12–0.13 0.05  < 0.08  < 0.04 Bal

Fig. 1   Schematic illustration of the low frequency electromagnetic 
casting
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The alloy bars after aging heat treatment were machined into 
standard tensile samples. Tensile tests were implemented by 
an AG-IS testing machiner with a strain rate of 2.0 mm/min. 
The tensile tests were repeated four times for each casting 
condition, finally the yield strength, ultimate tensile strength, 
and elongation were acquired.

3 � Results and Discussion

3.1 � Effects of LFEC on Microstructure of 2195 
As‑Cast Alloys

The microstructure of 2195 as-cast alloys cast by DCC and 
LFEC are shown in Fig. 3. The grain sizes of 2195 as-cast 
alloys are shown in Fig. 4. In the case of DCC, grains 
were mainly consisted of coarse rose-shape dendrites with 
a grain size of 219 µm. The grain size decreased signifi-
cantly with the increasing current intensity at both 10 Hz 
and 20 Hz. When frequency is 20 Hz, the grain sizes 
decrease from 199 µm at 50 A to 151 µm at 150 A. When 
frequency is 10 Hz, the grain sizes decrease from 197 µm 
at 50 A to 115 µm at 150 A. When the current intensity 
of electromagnetic is set at 50 A with two frequencies, 
only minor variation is observed, as shown in Fig. 3b, c. 

When the current intensity of LFEC increases to 100 A at 
two frequencies, a mixed microstructure containing coarse 
and fine grains is observed, as shown in Fig. 3d, e. On 
further increasing the current intensity to 150 A, coarse-
dendritic grains disappear and a large number of more 
refined grains are observed. No significant differences are 
observed between 10 and 20 Hz. However, the grain sizes 
decrease remarkably when applying LFEC with 10 Hz/150 
A, as illustrated in Fig. 3f.

Grain refinement is of great significance for improving 
the mechanical properties of aluminum alloys. For 2195 
alloy, the refinement of grain causes the increase of grain 
boundaries, which not only acts as obstacles to dislocation 
motion [15], but also benefits nucleation for the precipi-
tates during aging treatment [16]. The mechanism of grain 
refinement under low frequency electromagnetic field has 
been systematically and extensively investigated in previ-
ous research [13, 16]. In LFEC treatment, the melt in the 
sump was acted upon by the Lorenz forces produced by 
the interaction of the induced current and electromagnetic 
field. The Lorentz force is written as [17]:

(1)F =
1

�
(B ⋅ ∇)B −

1

2�
∇B2,

Fig. 2   Schematic illustration of samples for microstructure observation and tensile test
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where B is the magnetic induction intensity, µ is the perme-
ability of the melt. The first term on the right hand of Eq. (1) 
is the rotary force which is used to stir the molten in the 
sump; the second item is the potential force which would be 

balanced by a pressure gradient of liquid. The characteristic 
length δ, which shows the deceased of the degree of mag-
netic field as a function of distance into the liquid metal, is 
the skin depth:

Fig. 3   Microstructures of 2195 as-cast alloys cast by the different electromagnetic conditions: a DCC; b LFEC with 50 A/10 Hz; c LFEC with 
50 A/20 Hz; d LFEC with 100 A/10 Hz; e LFEC with 100 A/20 Hz; f LFEC with 150 A/10 Hz; g LFEC with 150 A/20 Hz
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where σ, µ, and f are the conductivity, permeability of the 
melt and the frequency respectively. According to Eq. (2), 
at constant electromagnetic field intensity, the lower the 
frequency of electromagnetic field, the higher the electro-
magnetic intensity in the sump, so as to be obtained a more 
powerful stir in the sump [17].

The powerful vortex stir caused by the Lorentz force 
accelerates the melt exchange between the internal and 
external of the sump as well as intensifies the heat transfer 

(2)� =

√

1

���f
,

at graphite ring [18], which will reduce shallow liquid 
sump depth and temperature gradient as shown in Fig. 5. 
The forced convection makes the heat of melt be extracted 
faster along the solidification front, the temperature of the 
melt become more uniform [19]. In such this condition, a 
large undercooling of the liquid alloy would be acquired in 
the sump, which leads to a larger number of nucleation. The 
forced flow of melt caused by vortex stir along the solidifica-
tion front inhibits the dendrite development by scouring the 
dendritic tip. Moreover, the application of electromagnetic 
field to dendrites led to an increase in dendrite fragmentation 
rate, the dendrites are broken off from the dendritic tip and 
taken into the sump by the fast-flowing melt, eventually form 
nuclei for nucleation [20]. The nucleation comes up nearly 
simultaneously in the sump, and the nuclei collide with each 
other, which is conducive to get fine grains [19]. As the 
above results, the microstructure of 2195 as-cast ingots cast 
by LFEC is finer than that of DCC ingot. At constant current 
intensity of electromagnetic field, the lower frequency of 
electromagnetic field could enhance the depth of penetration 
of electromagnetic field so the effect on grain refining is dif-
ferent under different frequencies of electromagnetic field.

3.2 � Effects of LFEC on Casting Defects of 2195 
As‑Cast Alloys

The casting defects in the cross sections of the ingot prepare 
by DCC and LFEC are scanned and recognized by scanning 
acoustic microscope. In the photos, it could be clearly seen 
the number and distribution of defects (white bright spots). 
The most of casting defects exist in the borber region of 

Fig. 4   Grain sizes of 2195 as-cast alloys by DCC and LFEC

Fig. 5   Schematic diagram to compare the solidification features of DCC and LFEC
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ingots, where is the initial shell region of ingots. The intensi-
fied heat transfer nearby graphite ring and the forced melt in 
the sump during LFEC result in the reduced thickness of ini-
tial shell and the casting defects gather in there. This region 
would have been revomed after homogenizing treatment. 
It is obvious from Fig. 6 that areal fraction and number of 
casting defects of 2195 ingot cast by DCC is much more than 
that by LFEC with 150 A/ 10 Hz. The casting defects are 
randomly distributed in the cross section of the ingot cast by 
DCC, while a small amount of the defects are concentrated 
in the center of the ingot cast by LFEC with 150 A/10 Hz. 
The areal fraction and number of casting defects are counted 
and the results are shown in Table 2.

Further, the casting defects and alloy elements distribu-
tion of as-cast alloys were characterized by EMPA. The cast-
ing defects including porous structure and inclusions, are 
shown in Fig. 7a, and the bone rod shaped eutectic phases 
in-homogeneously and disorderly distributed at grain bound-
aries. While the defects are found in the ingot cast by LFEC 
with 10 Hz/150 A as shown in Fig. 8a, the eutectic phases 
become into fishing net shape, in which Cu, Mg and Ag are 
concentrated together and segregated at grain boundaries.

Table 3 shows the EDS analysis of points A and B in 
Fig. 7a. It can be inferred that Point A is a SiC particle which 
came from the coating to protect corrosion of the calcium 
silicate hot top, and B is an oxide inclusion. It is clear that 
the almost simultaneous appearance of looseness, oxide and 
non-metallic inclusions at grain boundaries.

The molten aluminum–lithium alloys tend to react with 
H2O in the atmosphere, and absorb the hydrogen decom-
posed from H2O. The solubility of the hydrogen in molten 
aluminum–lithium alloy increases dramatically. The hydro-
gen cannot accomplish a rapid excretion and be caught 

into dendritic channels due to the poor fluidity at mushy 
zone during DCC process. Furthermore, the molten alu-
minum–lithium alloys are liable to oxidize under the atmos-
pheric conditions or unfavorable protection. The loose and 
porous oxides provide storage space for the hydrogen. It 
results in forming a symbiosis of inclusion and gas at the ter-
minal stages of solidification. These casting defects cannot 
be eliminated by heat treatment and extrusion treatment and 
they would be retained in the ingots, which would induce 
the micro-cracks and result in deteriorating the mechanical 
properties of alloys. Nevertheless, when a low frequency 
electromagnetic field is applied, the melt is stirred by the 
strong Lorenz forces so the gases have plenty of opportu-
nities to collide with each other, coalesce and grow [21]. 
Finally, the symbiosis of inclusion and gas would take away 
from the solidification front with the fast-flowing melt as 
shown in Fig. 5.

3.3 � Effects of LFEC on Intra‑granular Solid Solubility 
of Alloy Elements of 2195 As‑Cast Alloys

The alloy elements have two forms in as-cast alloy, one of 
which is forming solid solution or precipitates with intra-
granulars, the other of which is forming non-equilibrium 

Fig. 6   Scanning acoustic microscope images of 2195 ingots by DCC and LFEC with 10 Hz/150 A

Table 2   Casting defects measured in the SAM images of 2195 ingots

Casting condition Areal fraction of cast-
ing defects (%)

Number 
of casting 
defects

DCC 0.97 149
LFEC with 150 A/10 Hz 0.08 19.0
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Fig. 7   Element distribution of 2195 as-cast alloy by DCC a SEM microstruture of as-cast alloys; b Al; c Cu; d O; e Mg; f Ag

Fig. 8   Element distribution of 2195 as-cast alloy by LFEC with 150 A/10 Hz a SEM microstruture of as-cast alloys; b Al; c Cu; d O; e Mg; f Ag

Table 3   EDS analysis of 
chemical compositions of 
as-cast alloys in Fig. 7(a) (mole 
fraction%)

Element Al Cu O Fe C Si

Point A 0.55 – 2.59 – 45.7 51.09
Point B 65.52 3.95 14.95 1.53 3.65 1.06
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eutectic phase along grain boundaries. A relatively high 
intra-granular solid solubility of alloy elements is beneficial 
for the precipitation strengthening and the solution strength-
ening. On the contrary, the coarse eutectic phases are apt to 
form the coarse precipitates after the aging treatment. Micro-
cracks will form around these coarse precipitates under the 
action of a tensile stress. In this section we will describe the 
change of solid solubility of alloy elements of 2195 as-cast 
alloys in the different electromagnetic casting conditions 
from the aspects of thermodynamics and crystallography.

From the point of view of thermodynamics, the remelting 
of eutectic phases at grain boundary accompanies with the 
change of the enthalpy [22], it can be exhibited and analyzed 
by differential scanning calorimetry (DSC) measurement. 
The results of DSC test of 2195 as-cast alloys cast by DCC 
and LFEC are shown in Fig. 9.

As can be seen from Fig. 9, the outline of the DSC curves 
has hardly changed, which illustrates that the type of the 
eutectic phases of 2195 as-cast alloys has nearly no change 
after the application of LFEC. The enthalpy (ΔH) of remelt-
ing of eutectic phases can be measured by integrating the 
area of the DSC curves, and the amount of the eutectic 
phases can be expressed indirectly. In the case of DCC, the 
maximum ΔH is − 12.58 J/g, in comparison the minimum 
ΔH is − 11.12 J/g in LFEC with 150 A/10 Hz. The ΔH of 
the remelting of eutectic phases reduces with an increasing 
current intensity. This illustrates that a decreasing eutec-
tic phase and an increasing intra-granular alloy element are 
related with an increasing current intensity of electromag-
netic field.

From the point of view of crystallography, the alloy 
elements can be form to interstitial solid solution or substi-
tution solid solution according to the location of solution 

atom in the crystal lattice. No matter what type of solid 
solution, it would inevitably bring about the lattice distor-
tion. The lattice distortion could be evaluated by the lattice 
parameters of α(Al) [23–25]. For 2195 alloy, Cu is the 
main alloy element. As the atomic size of Cu is smaller 
than Al, when forming a substitution solid solution of Cu, 
the lattice parameters of α(Al) will decrease. The larger Cu 
atom solid solution with intra-granular, the larger lattice 
distortion will be produced, and the greater changes in the 
lattice parameters of α(Al).

Figure 10 indicates the changes of the Bragg angles of 
α(Al) of 2195 as-cast alloy by DCC and LFEC on the four 
crystal faces of α(Al). The Bragg’s law can be written as 
shown in Eq. (3):

where d is the inter-planar distance; θ is the Bragg angle, 
and λ is the wave length of Cu Kα. The relation between the 
d and a is expressed as shown in Eq. (4).

where a is the lattice parameter, and h, k, l are the crystal 
plane index.

Table 4 shows the lattice parameters and the variation 
of lattice parameter within four different crystal faces. 
It can be seen that on the four crystal faces, the lattice 
parameters decrease and the variation of lattice parameter 
increase with the increasing current intensity of electro-
magnetic field.

The average lattice parameters of α(Al) of 2195 as-cast 
alloys cast by DCC and LFEC are shown in Fig. 11. It 
could be proven that the solid solubility of alloy elements 
substantially increases with an increasing current intensity. 
This conclusion from XRD test is consistent with that from 
DSC test.

During non-equilibrium solidification, the alloy elements 
are released continuously from the growing grains to liquid 
phase. The liquid phase that containing high concentration 
of alloy elements will be remained at inter-dendritic when 
dendrites overlap with each other. Finally, numerous of alloy 
elements accumulate at grain boundaries forming eutectic 
phase with low smelting point. The serious segregated alloy 
elements tend to form various coarse precipitates. When 
applying LFEC, the heat transfer between the melt and the 
mold is intensified, resulting in deep under-cooling and fast 
solidification. Accelerated solidification rate means that the 
discharging of alloy elements would be limited. So a larger 
number of alloy elements atoms were retained with intra-
granular. Based on the classical Burton-Prim-Slichter (BPS) 
solution [26], the effective partition coefficient ke, can be 
described as shown in Eq. (5)

(3)2d sin � = �,

(4)d =
a

√

h2 + k2 + l2
,

Fig. 9   DSC test of 2195 as-cast alloys by DCC and LFEC
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where ρS is the content of alloy elements in the solid phase, 
ρL is the content of alloy elements in the liquid phase, k0 is 
the solute equilibrium partition coefficient, R is the solidifi-
cation velocity, δ is the thickness of boundary layer, and D 
is the diffusion coefficient of alloy elements. The improved 
cooling intensity enhances the solidification velocity. Mean-
while, under a electromagnetic field the Al3+, Cu2+, Li+, 
Mg2+, and Ag+ particles in the sump would be subjected to 
different Lorentz forces owing to their different rations of 
atomic masses and electric charges, which bring about the 
acutely irregular movement between the these particles [6]. 
This irregular movement trend of particles in boundary layer 
is far greater than that the diffusion trend. In the regard of 

(5)ke =
�S

�L
=

k0

k0 + (1 − k0)e
−R�∕D

,
energy, we think that low frequency electromagnetic field 
can supply higher energy to meet the need of crystal lattice 
distortion as more alloy element atoms in matrix. Therefore, 
the LFEC process can increase the intra-granular solid solu-
bility of alloy elements.

3.4 � Effect of LFEC on Microstructure of 2195 Aged 
Alloys

The microstructure of 2195 as-aged alloy after T6 treat-
ment cast in conventional DCC process is shown in 
Fig. 12a, which consists of elongated, strip-like grains with 
24.3 ± 13.8 µm in width aligned in the direction of extrusion, 
and coarse second-phases distributed along the grain bound-
aries. The average width of strip-like grains in the alloy cast 
by LFEC with 10 Hz/150A decreases to 13.1 ± 10.1 µm as 

Fig. 10   XRD diffraction peaks of α(Al) of 2195 as-cast alloys cast by DCC and LFEC: a (111) crystal face; b (200) crystal face; c (220) crystal 
face; d (311) crystal face
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shown in Fig. 12b. A large number of fine second-phases 
are found within the strips. It is evident that grain size are 
strongly affected by the presence of an electromagnetic field, 
which is obvious hereditary from casting to extruding and 
aging stage.

The precipitation phases which play important roles in 
strengthening the Al-Cu-Mg-Li have been proved that is 
θ′ (Al2Cu), T1 (Al2CuLi), δ′ (Al3Li), S′ (Al2CuMg), par-
ticularly θ′ and T1 phase [27, 28]. In this study, the mor-
phologies of θ′ phases and T1 phases in 2195 alloy cast by 
DCC and LFEC after T6 treatment were observed by TEM 
as in Fig. 13. The statistical results of length and number 

density of precipitation phases are shown in Fig. 14. The 
lengths of θ′ phases and T1 phases were categorized into 
various size groups. In the case of LFEC, the number den-
sity of θ′ phase that smaller than 200 nm increase in each 
size group, and the mean length of θ′ phase decreases from 
137.9 nm to 115.7 nm. The total number density of θ′ 
phase increases from 53.7 plates/µm2 to 71.1 plates/µm2. 
It is obvious from Fig. 14b that the length of T1 phases 
that 50–100 nm is predominant, and there are a few T1 
phases whose length larger than 200 nm. However, the 
size of major T1 phase is 100–150 nm in the case of DCC. 
After applying LFEC with 150 A/10 Hz, the total number 
density of T1 phase increases from 31.9 plates/µm2 to 51.6 
plates/µm2, and the mean length of T1 phase decreases 
from 150.3 to 97.9 nm. In brief, the statistical data from 
the TEM photos show that main strengthening precipita-
tion phases including T1 phases and θ′ phases of 2195 aged 
alloys become finer, and exhibit higher density and more 
uniformly distributed under the influence of LFEC.

It is well known that the dislocations, grain bound-
ary, and intra-granular alloy elements are related with the 
nucleation and precipitation for T1 and θ′ phase, and the 
growth of T1 and θ′ phase is of long term controlled diffu-
sion mechanism relying on the atoms diffusion [28–32]. 
On the one hand, according to the discussion in Sect. 3.1, 
the effects of the refining grain are affected by a low fre-
quency electromagnetic field. The effects could be passed 
genetically from the casting stage to aging stage, provid-
ing more nucleation sites for precipitates under the same 
extrusion conditions. On the other hand, the increased 
intra-granular solid solution of alloy elements provides 
the possibility for a larger amount of precipitation of pre-
cipitates. An increased number of Cu and Li atoms with 
intra-granular enhance super-saturation, which necessarily 
resulted in a larger amount of T1 (Al2CuLi) and θ′ (Al2Cu) 
phases after aging. An increased number of Mg atoms with 
intra-granular reduce the solid solubility of Li in aged 
alloy, thus increasing the amount of lithium-containing 
precipitates. An increased number of Ag atoms with intra-
granular reduce the stacking fault energy [29]. It provides 
favorable conditions for the nucleation of the precipita-
tion phases [16]. An increased number of super-saturated 
vacancies are generated with an increased number of Mg 
and Ag atoms with intra-granulars which lead to Mg and 
Ag atoms combine with vacancies [30]. The diffusion of 
Li and Cu atoms has been restricted by the combination 
of Mg, Ag and vacancy [31]. Hence, under the mechanism 
of promoting the nucleation of precipitation phases and 
suppressing the growth of precipitation phases, a larger 
number of fine, distributed uniformly precipitation phases 
were obtained.

Table 4   Lattice parameters of α(Al) of 2195 as-cast alloy cast by 
DCC and LFEC

Miller indices Casting condition 2θ (°) a (nm) Δa (nm)

(111) DCC 38.5382 0.40430 − 0.00070
50 A/10 Hz 38.5777 0.40390 − 0.00110
100 A/10 Hz 38.5777 0.40390 − 0.00110
150 A/10 Hz 38.5862 0.40389 − 0.00119

(200) DCC 44.7862 0.40440 − 0.00060
50 A/10 Hz 44.8022 0.40426 − 0.00074
100 A/10 Hz 44.8147 0.40416 − 0.00084
150 A/10 Hz 44.8147 0.40416 − 0.00084

(220) DCC 65.1622 0.40460 − 0.00040
50 A/10 Hz 65.1862 0.40447 − 0.00053
100 A/10 Hz 65.1756 0.40453 − 0.00047
150 A/10 Hz 65.2087 0.40434 − 0.00066

(311) DCC 78.3097 0.40461 − 0.00039
50 A/10 Hz 78.3222 0.40456 − 0.00044
100 A/10 Hz 78.3222 0.40456 − 0.00044
150 A/10 Hz 78.3427 0.40447 − 0.00053

Fig. 11   Effects of current intensity on lattice parameters of α(Al) of 
2195 as-cast alloy
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3.5 � Effect of LFEC on Tensile Properties of 2195 
Aged Alloy

Figure 15 illustrates the relation of the tensile properties of 
2195 aged alloy on the current intensity and frequency. It is 
obvious that the yield strength and ultimate tensile strength 
of the aged alloys are all improved remarkably by LFEC. 
Maximum ultimate tensile strength (UTS) of 607.9 MPa is 
obtained at LFEC with 150 A/ 10 Hz, which is 70.5 MPa 
higher than that of DCC. At the same current intensity, the 
ultimate tensile strength of the aged alloys cast at 10 Hz is 
a bit higher than that at 20 Hz. The increase in strength is 
accompanied by a decrease in elongation. The reasons for 
the poor tensile properties of 2195 aged alloys cast by DCC 
are mainly impute to the more casting defects caused in the 
casting stage and less precipitation phases precipitated in 
aging stage. However, the 2195 aged alloy cast by LFEC 
could obtain better tensile properties due to grain refining 
and precipitation strengthening.

4 � Conclusions

The effects of LFEC on microstructure, solid solubility and 
mechanical properties of 2195 alloys have been investigated 
and compared with those of DCC. The following findings 
are obtained:

1.	 The microstructures of ingots were significantly refined 
by LFEC. The grain size of ingots undergo refinement 
from 219 µm in DCC to 115 µm in LFEC with 150 
A/10 Hz.

2.	 The casting defects were effectively eliminated in the 
as-cast ingots by LFEC.

3.	 The solid solubility of alloy elements was significantly 
enhanced by LFEC, leading to highter density and more 
uniform distribution of T1 phases and θ’ phases after T6 
aging treatment.

4.	 The tensile properties of 2195 aged alloys were improved 
remarkably by LFEC. The maximum ultimate tensile 
strength of 607.93 MPa, the maximum yield strength of 
521.13 MPa, and the corresponding elongation of 7.8% 
were acquired under the LFEC with 150 A/10 Hz.

Fig. 12   Micrographs of 2195 as-aged alloys: a DCC, b LFEC with 10 Hz/150A
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Fig. 13   TEM images of the alloy after T6 treatment: a, b dark field image from <001 > α, θ′ phase; c, d bright field image from <112> α, T1 
phase; a, c DCC; b, d LFEC with 150 A/10 Hz
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