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Microstructure and mechanical properties of directly thixoforged
complex box-shape 2A 14 part with large wall-thickness difference
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Abstract: To form complex box-shape parts with large wall-thickness difference, a directly thixoforged technology of
2A14 alloy with low-cost and short-process was proposed and verified. The results showed that complex components
were successfully thixoforged. Solid grains in the microstructure of the thixoforged parts exhibited a large deformation
degree. This led to an obvious improvement in the mechanical properties of the thixoforged parts. No obvious liquid
segregation was found in the microstructure. High mechanical properties were obtained in the thixoforged 2A14 alloy
components. The yield strength varied from 157.1 to 187.3 MPa, the ultimate tensile strength varied from 268.2 to
316.6 MPa, and the elongation varied from 7.8% to 24.9%. Increase in plastic deformation degree caused by larger size
and less round grains is beneficial to the mechanical properties of the thixoforged components.
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1 Introduction

2A14 aluminum alloy, also known as 2014
aluminum alloy, has the characteristics of high
strength and light weight [1,2]. As the second most
popular 2000 series deformed aluminum alloy with
the amount of 2024 aluminum alloy, it has better
thermal strength than 2024 aluminum alloy, so it is
often used in aircraft heavy forging, thick plates,
wheels, rocket fuel tanks and other parts requiring
certain thermal strength [3—5]. Due to the wide
temperature range of the semi-solid, there is
obvious hot cracking behavior in solidification
forming, which is difficult to form by casting [6].
Semisolid processing technology is a method for
achieving near-net-shape forming of complex
structures. Since its proposal, semisolid processing
technology has been successfully applied in a large

number of engineering projects, particularly in the
forming of various cast aluminum alloys [7,8] and
cast magnesium alloys [9—12]. The extent to which
semisolid processing technology has replaced
gravity casting technology in enhancing the
mechanical properties of formed parts has been a
remarkable success [13].

However, the application of semisolid
processing technology in deformed aluminum
alloys is mostly in the laboratory stage, and there
are still many problems to be solved before the
large-scale engineering application [14]. Many
scholars have explored various billet-making
methods for aluminum alloys. MESHKABADI
et al [15] used equal channel angular extrusion
(ECAP) deformation and semisolid isothermal
treatment (SSIT) process to prepare the semi-solid
billet of 7075 aluminum alloy and reported the
effect of subsequent isothermal treatment parameters
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on the semisolid 7075 aluminum billets. BINESH
and AGHAIE-KHAFRI [16] reported the acceleration
effects on recrystallization and spheroidization of
repetitive upsetting-extrusion (RUE) cycles in the
RUE-based preparation of AA7075 aluminum alloy.
CAQO et al [17] quantitatively calculated the plastic
energy stored in billet during radial strain and
introduced rotary swaging (RS) into the process of
the strain-induced melt activation (SIMA) to
prepare semisolid C5191 alloy. All the above
methods can successfully prepare semi-solid billets
with excellent performance by solid state method,
but there is a problem of long process and high cost.
We have put forward wrought aluminum directly
semisolid isothermal treatment process (WADSSIT)
that is a method with a short process and low
cost, and successfully applied this method to
2A12 alloy [18,19], 5A06 alloy [20,21] and 7075
alloy [22]. The key point of this method is that it
can directly use the hot deformed wrought
aluminum alloy that has been supplied in batches,
which greatly shortens the process flow and reduces
the cost. In addition, this idea of making billet also
breaks the shackle that the solid phase of semi-solid
billet must be fine and round to ensure formability.
The research results on the preparation of 2A14
aluminum alloy billets by this method were
published in previous research [23]. There is no
report on the microstructure and mechanical
properties of 2A14 aluminum alloy semi-solid
forming parts for now.

The problem of engineering application of
wrought aluminum alloy semi-solid processing
technology not only lies in its complex billet
preparation process and high billet cost, but also the
lower mechanical properties of wrought aluminum
alloy formed by semi-solid processing as compared
with the forging state standard. In order to improve
the mechanical properties of semi-solid parts, it is
necessary to develop a deep understanding of the
deformation mechanism of semi-solid metals.
CHEN and TSAO [24] proposed four deformation
mechanisms in the process of semi-solid metal
deformation. It is worth noting that during the
forming process of semi-solid metal, not only the
liquid phase flows, but also some plastic
deformation occurs in the solid phase, which
provides an idea for deformation strengthening to
improve the mechanical properties of semi-solid
parts. CHEN et al [25] proposed a method of

solid—liquid composite forming, and reported that
the surface hardness of 7075 aluminum alloy
increased due to deformation strengthening when
the solid plastic deformation was enhanced. CHEN
et al [26] reported the method of forming complex
aluminum alloy by gradient temperature, and
pointed out the effect of the solid deformation
mechanism on deformation strengthening in the
semi-solid forming process. In addition, in our
forming experiments on 5A06 aluminum alloy, we
also found that deformation strengthening can
significantly improve comprehensive mechanical
properties of 5A06 aluminum alloy in the thixo-
forging process. The mechanical properties of the
semi-solid thixoforged 5A06 aluminum alloy were
better than those of the rolling state [21]. DEEPAK
et al [27,28] reported the microstructure and tensile
properties of the thixoformed A356—5TiB2 in-situ
composite. The deformation strengthening effect
caused by solid plastic deformation was caused by
the specific microstructure of elliptical solid semi-
solid billet during deformation. Ellipsoidal solid
semi-solid billets were prepared by the WADSSIT
method, which realized a combination of short
process, low cost and high mechanical properties.
At present, the applicability of this method to 2A14
aluminum alloy has not been verified.

Therefore, in order to verify the formability of
this short flow method of preparation of 2A14
aluminum alloy semi-solid billet, and to study the
mechanical properties and microstructure of 2A14
aluminum alloy, we thixoforged a complex box-
shape part with a large wall-thickness difference of
2A14 aluminum alloy billets prepared by the
WADSSIT method. The corresponding die and
forming tooling were designed and manufactured
based on a box-shaped part with complex shape and
large wall-thickness difference. The feasibility of
the process was verified, and the effect of forming
parameters on the mechanical properties and
microstructure was studied.

2 Experimental

2.1 Materials and preparation of semisolid billet

The material used in this work is 2A14
aluminum alloy hot-rolled plate purchased from
Northeast Light Alloy Co., Ltd., of China, with a
rolling cumulative deformation of 90%. The
chemical composition of the aluminum alloy is
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listed in Table 1. The main alloying element in the
alloy is Cu, with a content of 4.370 wt.%, which is
lower than the maximum Cu content that can be
dissolved in solid high-temperature aluminum
(5.65 wt.%). Due to deviating from the copper
content of aluminum and copper binary eutectic
alloy, the solid—liquid temperature range is very wide,
but the casting performance is poor. Differential
scanning calorimetry (DSC) result of 2A14 alloy
was obtained via a STA449F3 differential scanning
calorimeter. The semi-solid temperature range of
the aluminum alloy is between 512 and 663 °C, and
there is a pre-melted eutectic absorption peak
between 512 and 530 °C. The heating rate during
the test was 10 °C/min. These experimental results
were published in our previous study [23].

In order to shorten the semisolid billet process,
a novel method called wrought aluminum directly
semisolid isothermal heat treatment (WADSSIT)
based on strain-induced melting activated (SIMA)
and recrystallization and partial melting (RAP) was
used for the fabrication of semisolid billet. The
commercial hot-rolled plate was cut into billets,
directly  continuously heated to semisolid
temperatures and then held for 20 min. A box-type
resistance furnace with PID control guaranteed
temperature error within 1°C was used for the
isothermal treatment of billets.

2.2 Thixoforging process

Figure 1(a) shows the tooling used in thixo-
forging. And Fig. 1(b) shows the macrograph of the
thixoforged 2A14 aluminum components at
different temperatures. The whole tool consists of

three parts, the upper die part, the lower die part and
the ejector part. The whole tool is assembled on a
5000 kN universal hydraulic press. The semi-solid
billet of 2Al14 alloy was prepared by direct
isothermal heat treatment of forged aluminum alloy.
The billet was divided into cuboids of 194 mm x
50 mm x 77 mm, and the billet obtained by
quantitative division was placed in a box-type
electric resistance furnace for heating. The heating
time was 1 h. Due to the anti-oxidation property of
aluminum alloy, which can form a dense oxide film
on the surface, the billet did not need vacuum
protection, but was directly heated in the air
atmosphere. The heating temperatures of the billet
were 610, 620, 630 and 640 °C respectively, and the
holding time was 20 min. The solid fraction of the
2A14 alloy at 610, 620, 630 and 640 °C were 0.82,
0.71, 0.59 and 0.45, respectively, as reported by our
previous study [23]. We also conducted experiments
with holding time of 5, 10 and 15 min. The results
show that the formability of the billet was not good
when the holding time was less than 15 min.
Thixoforging part was a complex part with multiple
deep cavities, thin walls and high ribs. Minimum
wall thickness of 6 mm, maximum wall thickness of
25 mm, draft angle of only 1° and allowance of
1 mm leaving little oversize for machining achieved
demonstrate the near-net shape of thixoforging. The
part has the characteristics of large wall-thickness
difference, and the maximum wall-thickness
difference reaches 19 mm, which is also the
difficulty of forming such complex parts by casting
method. The female die was preheated to 400 °C,
and the male die was preheated to 340 °C. The

Table 1 Chemical composition of hot rolled 2A 14 aluminum alloy (wt.%)

Item Cu Si Mn Mg Fe Ti Zn Ni Al
Experiment 4.370 0.916 0.781 0.589 0.177  0.025 0.027  0.006 Bal.
Standard 3.9-438 0.6—-1.2 0.4-1.0 0.4-0.8 <0.7 <0.15 <03 <0.1 Bal.
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Fig. 1 (a) Thixoforging die design of box-shape part; (b) Macrograph of thixoforged 2A14 aluminum components at

different temperatures
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sectional area of the part was 35316 mm?, and the
equivalent static pressure under the pressure of
5000 kN hydraulic press was about 141 MPa. The
dwell time was 45s. Then, about 600 mL of
room-temperature water was poured onto the part
for online quenching, so that the part can establish
sufficient strength for ejection. More detailed
parameters have been disclosed in our authorized
patent [29].

2.3 Analysis of microstructure and mechanical
properties

Samples for the optical observation and
mechanical properties test were cut from various
positions of the thixoformed components. The
samples were first ground with 200, 400, 800, 1500
and 2000 grit sandpapers, then mechanically
polished on a gold velvet disc sprayed with 1 pm
diamond powder at 2000 r/min for 5 min, and
finally chemically etched with Keller’s reagent. The
chemical composition of the Keller’s reagent was
an aqueous solution with 2.5vol.% HNOs;,
1.5 vol.% HCI, and 1 vol.% HF, and the etching
time was 25 s. Optical microscopy (OM, Olympus
GX71) was used for the capture of the
microstructure image. The tensile specimens were
cut into sheet dog bone with a gauge length of
(32+0.05) mm, a thickness of (3+0.05) mm, a width
of (6+0.05) mm, and a transition fillet of R6. The
tensile properties were measured using the Instron
5569 testing machine and before that, the traces of
electrical wire cut on the specimen were polished
with 2000 grit paper. Three samples were taken
from the tensile samples under each experimental
parameter, the mechanical properties were taken as
the average value, and the error bars were
calculated to eliminate the influence of random
error on the mechanical properties. The electron
back scatter diffraction (EBSD) observation was
conducted on a Zeiss Supra55 scanning electron
microscope  (SEM).  Transmission electron
microscope (TEM) was carried out on Talos F200X.
The phases were determined by X-ray diffraction
(XRD, Empyrean diffractometer) in the 26 range of
20°-90° at a scanning speed of 10 (°)/min.

3 Results

3.1 Macrograph of thixoforged components
Figure 1(b) shows the macrograph of the

thixoforged 2A14 aluminum components at
different temperatures. In the forming process, due
to the short holding time (shorter than 15 min), the
parts could not be filled completely. When the
holding time reaches 20 min, the parts can be filled
completely. In addition, when the billet is placed
into the die, improper operation causes the billet to
be biased to one side of the die, which will also lead
to half of the parts being filled, while the other half
cannot be filled. It can be observed that the final
filling part is the flange area on both sides of the
part. With a short holding time, even if the pressure
of the hydraulic press is high enough, the forming
part will produce cold isolation in the flange area on
both sides due to a less liquid phase, and the
forming fails. When the holding time reaches
20 min, the parts can be fully formed. As shown in
Fig. 1(b), the complete parts are successfully
formed at the holding temperatures of 610, 620,
630 and 640 °C, respectively. The formed parts
have clear contours, smooth appearance, high
dimensional accuracy and a small flying edge,
which successfully completes the near-net forming
of the box-type parts.

3.2 Microstructure of thixoforged components
Figure 2 shows the microstructures of different
regions in the formed parts. Figure 3 shows the
average grain size of different regions in Fig. 2.
Figure 2(b) shows the microstructure at the middle
Position 4 of the part in Fig. 2(a). Most of the
grains in the microstructure at Position A are
relatively small in size, no larger grains are found,
and relatively obvious plastic deformation forms
are found, indicating that the deformation
mechanism of this position is mainly the plastic
deformation of solid phase during the forming
process. Figure 2(c) shows the microstructure at
Position B of the part in Fig. 2(a). Compared with
Position A, Position B exhibits a duplex grain
structure consisting of a small number of large sizes
grains and a large number of small sizes grains.
Although some large-sized grains were found in the
microstructure in Location B, it also exhibits a
plastic deformation characteristic. This illustrates
that the deformation mechanism in Location B is
not a solid-liquid phase mixing flow mechanism,
but the plastic deformation mechanism of solid phase.
Figure 2(d) shows the microstructure at flange
Position C of the part in Fig. 2(a). The microstructure
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Fig. 2 Microstructures of different positions of thixoforged part: (a) Location diagram; (b) Position 4; (c) Position B;

(d) Position C
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Fig.3 Average grain size of different positions in
thixoforged complex box-shape parts

at Position C is dominated by coarse grains, and an
obvious solidification dendrite can be seen at the
grain boundary, which indicates that the
deformation mechanism of this position is
dominated by solid—liquid phase mixed flow, and
there is a certain liquid phase filling mechanism.

In order to further analyze the element
distribution of the parts, the backscattered electron
images at different positions and the element
surface distribution were characterized by scanning

electron microscopy. Figure 4 shows the SEM
image at the middle Position 4 of the forming part.
Figure 4(a) shows the image of backscattered
electrons at the middle Position 4 of the forming
part. The contrast diagram of backscattered
electrons shows the light and dark by atomic
number. It can be seen that the second phase at
Position 4 is evenly distributed and isolated, and
the size varies from several microns to tens of
microns. Figures 4(b—g) show the surface
distribution of Al, Cu, Mg, Si, Fe and Mn elements
in the corresponding region, respectively. The
distribution of Cu element in Fig. 4(c) coincides
with most of the bright second phase in Fig. 4(a),
indicating that most of the positions of the second
phase contain Cu element. However, in a few
second phase positions, there is no Cu element, and
these regions are mainly enriched with Si, Fe and
Mn elements. Figure 4(d) shows the distribution of
Mg element. It can be seen that Mg element is
completely uniformly distributed in the whole
microstructure without any enrichment points,
which indicates that Mg element exists in the solid
solution. Figure 4(e) shows the surface distribution
results of Si element. The distribution of Si element
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and Cu element is close, but it does not completely
coincide. Some rich points do not coincide with Cu.
Figures 4(f, g) show the surface distribution of Fe
and Mn elements, respectively. The distribution of
enrichment points of Fe and Mn elements is
relatively diffuse, and the two elements completely
coincide. In addition, the enrichment points of Fe
and Mn elements contain Si element. This indicates
that Fe—Mn—Si phase exists in the microstructure.
The grain at the middle Position 4 of the forming
part is also relatively fine, and the second phase is
distributed at the grain boundary. The element
surface distribution diagram shows that Mg element
mainly exists in the form of solute solution in the
alloy, so the distribution is extremely uniform and
there is almost no accumulation point. The elements
Cu, Si, Fe and Mn are mainly metallic compounds.
Figure 5 shows the SEM image at flange
Position C of the forming part. Figure 5(a) shows
the backscattered electron image. Figures 5(b—g)

show the surface distribution of Al, Cu, Mg, Si, Fe
and Mn elements in the corresponding region,
respectively. According to the backscattered
electron image, the second phase at flange Position
C is mostly distributed on the edge of the grain in a
continuous shape, and its distribution shape is
consistent with the eutectic structure of as-cast
solidification, indicating that the liquid phase is the
main solidified structure in the continuous
distribution area of the second phase in the forming
process. Comparing the distribution of Al and Cu
elements in Figs. 5(b, ¢), it can be shown that the
solid phase region is dominated by Al-rich matrix,
while the liquid phase is dominated by Cu-rich
eutectic structure. Interestingly, the distribution of
Mg element shown in Fig. 5(d) is relatively uniform,
and there is almost no obvious enrichment
distribution, which indicates that the solid solution
amount of Mg element in the solid phase is similar
to that in the liquid phase. Figure 5(e) shows the

Cu|@®)

Fig. 4 SEM—-EDS mapping images of 2A14 parts at middle Position 4: (a) Backscattered electron image; (b) Al; (¢) Cu;

(d) Mg; (e) Si; (f) Fe; (g) Mn

(a)

Fig. 5 SEM—EDS mapping images of 2A 14 parts at flange Position C: (a) Backscattered electron image; (b) Al; (c) Cu;

(d) Mg; (e) Si; (f) Fe; (g) Mn
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distribution of Si element, whose grid-like
distribution is almost the same as that of Cu
element. Figures 5(f) and (g) are the surface
distribution of Fe and Mn elements, respectively. Fe
and Mn have similar enrichment points, but the
distribution of the enrichment points is more
uniform and isolated, which does not show the
characteristics of continuous distribution like Cu
and Si elements.

In order to more clearly characterize the
distribution of the second phase in alloying
elements, the microstructure was characterized by
backscattered electron images at the higher
magnification. The microstructure at flange Position
C is selected here for illustration, because the
content of the second phase at the flange position
is higher, which can reflect the state of the
second phase more clearly. Figure 6 shows the
SEM-BSE images at the flange region under
different magnifications. And Table 2 shows the
corresponding EDS results of different regions in
Fig. 6(b). As can be seen in Fig. 6(a), in the
semi-solid microstructure, the liquid phase is
mainly distributed at the grain boundary, but at the
same time, a few liquid phases are distributed in the
grains in the form of droplets. The distribution of
the second phase is consistent with that of the liquid
phase. The continuous distribution of the eutectic
structure shows the network shape. As shown in
Fig. 6(b), the network-like eutectic structure shows
lamellar distribution, consisting of brighter §-Al,Cu

(Region 2 in Fig. 6(b) and Table 2) and darker
eutectic a(Al) (Region 1 in Fig. 6(b) and Table 2).
In addition to the eutectic structure, an additional
second phase was also observed (Region 3 in
Fig. 6(b) and Table 2). According to the element
surface distribution in Figs. 4 and 6, it can be
inferred that the additional second phases are Fe,
Mn and Si. Meanwhile, the second phase of
regular hexagon can be observed in some areas,
which is presumed to be monocrystalline silicon.
According to the results in Fig. 6, in the region with
more liquid phase, the second phase is mainly
distributed in the alloy in a network connected by
grain boundaries, and a few second phases are
distributed in the matrix in a more diffuse and
uniform form.

Figure 7 shows the XRD pattern of 2A14
alloy. The most dominant phase in the 2A14 alloy is
o-Al matrix phase, followed by the -Al>,Cu phase.
No other phases were evident in the composition of
the 2A14 aluminum alloy. However, it can be seen
from Figs. 4—6 that there were not only  phase but
also other phases in the alloy, and these phases
could not be detected by XRD because their volume
fraction was rarely lower than the threshold of XRD
detection.

In order to determine the composition of the
second phase more accurately and characterize the
deformation state of the forming parts, the second
phase was further characterized by transmission
electron microscopy (TEM). The TEM sample was

Fig. 6 SEM—BSE images of 2A 14 parts at flange Position C under different magnifications

Table 2 EDS results of different regions in Fig. 6 (wt.%)

Region No. Mg Al Si Ti Mn Fe Cu Zn
1 0.25 97.56 0.70 0.18 0.02 - 1.09 0.20
2 1.89 57.90 3.54 0.05 1.95 0.40 34.27 -
3 - 61.29 6.58 0.01 18.63 10.41 3.05 0.03
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Fig. 7 XRD pattern of 2A 14 aluminum alloy

taken from the middle Position 4 of the formed part.

This is because the second phase content at flange
Position C of the forming part is too much, and the
second phase at flange Position C is mainly eutectic
structure, so it is difficult to determine the second
phase rich in Fe, Mn and Si. Meanwhile, the grain
size at flange Position C is large. If the TEM sample
is taken from flange Position C of the forming part,
there will be fewer grains in the sampling area, and
it is difficult to find Fe, Mn and Si phases in the
thin area. In addition, in order to show the influence
of plastic deformation in thixotropic forging, the
plastic deformation of grains can also be observed
under the bright field image by sampling from the
central area A4 of the forming part.

Figure 8 shows the transmission electron
micrograph of the 2A14 alloy parts, and Fig. 8(a)
shows the high-angle annular dark field (HAADF)
image. It can be observed that there are several
second phases in the middle of the image with a
size of several hundred nanometers. In Fig. 8, the
large phase is FeMnSi phase, the copper-rich phase
is 6-Al,Cu phase, and the Zn element is solid
dissolved in 6-Al,Cu phase. The Mg,Si phase is
present. Figures 8(b—h) show the distribution of
element energy spectra under scanning transmission
electron microscope. It can be seen from
Figs. 8(d, g, h) that FeMnSi phase is distributed in a
hexagonal shape in the alloy. The Mg,Si phase has
a small size and is distributed in the alloy as a
polygon.

The transmission electron micrograph in the
2A14 alloy parts is shown in Fig. 9. Figure 9(a)
shows the HAADF diagram, and it can be observed
that multiple second phases appear simultaneously
in the diagram. The central phase is Mg,Si phase.
Surrounding the Mg,Si phase is the (Mn, Fe)Als
phase. The disc on the left is the §-Al,Cu phase, and
the Zn element is dissolved in the 6 phase. This
indicates that the second phases are usually
precipitated at the same location.

In order to determine the composition of
the second phase, the selected electron diffraction
results are necessary in addition to the spectral
analysis results. Figure 10 shows the select electron

Fig. 8 STEM—EDS images of 2A14 part at middle Position 4: (a) HAADF image of second phases; (b—h) EDS
mapping images of main alloying elements of Al, Cu, Fe, Mg, Zn, Si and Mn, respectively
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Fig. 9 STEM—-EDS images of 2A14 part at middle Position 4: (a) HAADF image of second phases; (b—h) EDS
mapping images of main alloying elements of Al, Cu, Fe, Mg, Zn, Si and Mn, respectively

diffraction at the second phase position
corresponding to Fig. 9 and its calibration results.
Figures 10(a—c) show the bright field image,
high-resolution image and the Fourier transform
image at the position rich in Fe and Mn elements in
Fig. 9, respectively. According to the PDF card
calibration, the
determined as MnAls phase. In Fig. 9, an enrichment
of Fe can be observed within the MnAls phase. This
occurs due to the solid solution of Fe elements in

second phase in Fig.9 was

the MnAls phase, resulting in the formation of the
(Mn,Fe)Als phase. Figures 10(d—f) show the bright
field image, high-resolution image and selected
electron diffraction images at the position rich in
Mg and Si elements in Fig. 9, respectively.
According to the PDF card calibration, it is inferred
that the second phase is MgSi phase.
Figures 10(g—1) show the bright field image, high
magnification selected electron
diffraction images at the position rich in Cu and Zn
elements in Fig. 9. According to the PDF card

calibration the second phase is 8-Al,Cu phase.

image and

In order to illustrate the plastic deformation
behavior of the alloy in the central deformation
region, the results of the bright field image at a
typical
electron microscope are taken. Figure 11 shows the
bright field image at the center Position A4 of the

position under transmission scanning

2A14 alloy part. In the process of forming, the
central Position 4 of the alloy is the first to contact
with the mold, which gives priority to solidification
(or liquid phase extrusion), so the alloy has
undergone drastic plastic deformation, which can
also be seen in Fig. 2(b). The morphology of the
substructure can be observed more carefully under
transmission electron microscope. Figure 11(a)
shows the bright-field image of the FeMnSi phase
and its surrounding matrix. FeMnSi phase plays a
role in blocking dislocation movement during the
deformation process of the alloy, resulting in a very
obvious dislocation plug at the interface between
the FeMnSi phase and the matrix, which plays a
key role in the plastic deformation strengthening of
the alloy. Figure 11(b)
between Mg,Si phase and dislocation. It can be
obviously observed that Mg,Si also plays a

shows the interaction

significant role in hindering the dislocation slip,
which shows that the dislocation also forms a
relatively obvious dislocation plug at the interface
between Mg,Si phase and matrix. Figure 11(c)
shows the interaction between the more diffusely
distributed FeMnSi phase and the dislocation. A
relatively obvious dislocation bypass mechanism
can be observed, which indicates that the diffusion-
distributed FeMnSi phase also plays an obstacle
role in the dislocation slip. Figure 11(d) shows the
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Fig. 10 TEM images of 2A14 part: (a, d, g) BF images of second phase; (b, e, h) High magnification images;

(c, f, 1) SAED patterns of corresponding images

high-density dislocation region created by the
dislocation plug. Due to the existence of the
high-density dislocation region, the further plastic
deformation of the alloy is hindered and the
deformation is strengthened. Figure 11(f) shows the
dislocation wall substructure generated in the alloy,
which indicates that the structure level of the alloy
is further enriched under plastic deformation. Due
to the high laminar fault energy of aluminum alloy,
dislocation is more likely to cross slip and climb, so
it is not easy to produce twin structures under
severe plastic deformation, but tends to produce
cellular structure. The creation of a dislocation wall
means that the alloy grains break up.

3.3 Mechanical
morphologies
Figure 12(a) shows the mechanical tensile
curves of 2A14 aluminum alloy at different forming
temperatures. It can be seen from the tensile curve
that the fracture elongation is higher than 10% at
the forming temperatures of 610—640 °C, which
indicates that the forming property of the
thixoforging part is good and there is no obvious
defect in the forming part. The tensile strength of
the forming parts increases first and then decreases
with the increase in forming temperature. The
mechanical properties of the forming parts reached
a peak at 620 °C. At 610 °C, the proportion of solid

properties and  fracture
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Fig. 11 Bright field images of 2A14 part at middle Position 4: (a) FeMnSi phase; (b) Mg:Si phase; (c) FeMnSi phase;

(d, e) High-density dislocation; (f) Dislocation wall
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Fig. 12 Tensile curves at different forming temperatures (a), and mechanical properties at different forming
temperatures and different positions (b) of directly thixoforged 2A 14 parts

plastic deformation during thixotropic forging is the
largest among several temperatures due to low
temperature. Its theoretical deformation strengthening
effect is expected to be optimal, evident from the
higher yield strength and greater strain hardening
rate observed on the tensile curve. Additionally, its
fracture elongation rate is the lowest, indicating the
highest consumption of plastic deformation
capacity during the deformation process. However,
its tensile strength is not the highest, or due to its
large strain during deformation, the dynamic

recrystallization state is related to the difference at
620—630 °C. With the increase in deformation
temperature, the liquid fraction of the alloy
increases gradually, and the strengthening effect of
solid plastic deformation decreases gradually. When
the deformation temperature is 640 °C, due to the
high liquid fraction of the alloy, the solidification
specific gravity increases, so that the micropores of
the alloy are more than those of the parts under the
low temperature forming condition, and the fracture
elongation decreases. The yield strength (YS) and
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ultimate tensile strength (UTS) were 176.5 and
322.2 MPa, and the elongation (EL) was 24.2%.
Figure 13 shows the morphology of tensile
fracture of the forming parts at different forming
temperatures. Figures 13(a—c) show the fracture
morphology at a forming temperature of 610 °C. As
shown in Fig. 13(a), at a lower magnification, the
macro-morphology of the fracture shows a certain
river pattern, indicating that the fracture is
more brittle, which is consistent with the low
fracture elongation of the 610 °C part in Fig. 13(b).
Further enlarging the fracture morphology, it can be
observed that there is a very small dimple
morphology on the fracture, and a relatively
obvious tearing edge structure can be observed,
which indicates that the part has a certain fracture
toughness. When the magnification is further
increased, it can be seen that some of the second
phase positions have very flat fracture morphology,
while the Al matrix is dominated by dimple
morphology. It shows that the fracture mechanism

of the parts formed at 610 °C is a hybrid fracture
form combining a ductile fracture and a brittle
fracture. Figures 13(d—f) show the fracture
morphology at 620 °C. It can be seen that obvious
tearing structures can be observed in the fracture
morphology at both lower and higher
magnifications. Under the macroscopic fracture
shown in Fig. 13(d), the upper left position of the
fracture is the macroscopic tearing edge. As shown
in Fig. 13(e), a significant number of small dimple
structures are present at high multiples of the
fracture surface. As shown in Fig. 13(f), extremely
refined tear edges between the tiny dimples can be
observed at higher magnification. This indicates
that the fracture form of the parts formed at 620 °C
is mainly ductile fracture, which is also consistent
with the results in Fig. 12(b) that the parts formed at
620 °C have higher fracture elongation and better
toughness. Figures 13(g—i) show the morphology of
fracture at 640 °C. As shown in Fig. 13(g), an
obvious river pattern can be observed at the macro

E ] : eSS

Fig. 13 Fracture surfaces of specimens thixoforged at different temperatures: (a—c) 610 °C; (d—f) 620 °C; (g—i) 640 °C
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level, which indicates that this fracture has obvious
brittle fracture characteristics. As shown in
Fig. 13(h), obvious river patterns can also be
observed in the fracture morphology at higher
magnification, this can also explain why the
fracture elongation of 640 °C parts was slightly
lower than that of 620 °C parts, but its fracture
elongation can still reach 15%, as shown in
Fig. 12(b).

4 Discussion

4.1 Feasibility analysis

In fact, at the beginning of the study, different
forming temperatures were set from 600 to 640 °C,
and different holding time was set from 5 to 30 min
(with a temperature rising time of 1 h). However,
due to the poor forming performance of the parts
under most experimental parameters, the mold was
not fully filled to successfully form the complete
parts. Therefore, this paper only selected parts
whose holding temperature was 20 min to explore
the influence of forming temperature on mechanical
properties of forming parts. Thus, it can be seen that
the application window of this process is relatively
narrow. Many research studies have concentrated
on the semi-solid formability of alloys, specifically
targeting, the process window in order to forecast
the semi-solid formability of various alloys. LIU
et al [30] proposed a criteria for the prediction of
thixoformability of aluminum alloy based on
temperature sensitivity. Although the accuracy was
not up to the mark, this method was widely used to
predict the thixoformability of aluminum alloys
because of its simplicity and directness. However,
for pure metals or eutectic alloys, there was no
solid—liquid temperature range, so the criterion
based on temperature sensitivity fails. Under the
temperature sensitivity criterion, there was no
process window for metals without solid-liquid
temperature range. This was contrary to the fact that
the casting alloy with fixed melting points can be
used for semi-solid processing. Thus, ZHANG et al
[31] proposed a semi-solid process window
criterion based on time sensitivity. This method can
provide a good criterion for semi-solid formability
of fixed melting point alloys. To further improve the
accuracy of the criterion of alloy semi-solid
formability, HU et al [32] proposed a novel
criterion for assessing the semi-solid processing

window of aluminum alloys based on the enthalpy
sensitivity of liquid fraction. The prediction results
of this method showed that the process window of
2014 aluminum alloy was slightly narrower than
that of 7075 aluminum alloy, which was consistent
with the results obtained in this work, that the
semi-solid process window of 2A14 aluminum
alloy was narrower. CHANG et al [33] reviewed the
criteria for assessing the processability of semisolid
alloys. The methods to judge the semi-solid
formability of alloys based on temperature
sensitivity, time sensitivity and enthalpy sensitivity
are summarized, respectively, and it is believed that
the enthalpy sensitivity based method is better
consistent with the actual results, even though most
studies are still more accustomed to judging the
semi-solid formability of alloys based on
temperature sensitivity. We did a similar experiment
on the 2A12 alloy [19], and the results show that
the process has better formability on the 2A12 alloy
than on the 2A14 alloy. However, near-net forming
of 2A14 alloy can still be successfully achieved by
this process. This also shows that there is still a
problem with the semi-solid formability criterion of
aluminum alloy at present, that is, the difficulty of
semi-solid formability can only be judged from a
qualitative perspective, but the specific quantitative
window range of semi-solid formability cannot be
accurately given. In addition, the criteria for the
formability of semi-solid alloys still remain in the
study of the basic physical properties of the alloy,
that is, the melting point, heating time, and the
enthalpy of the alloy, and the effect of the
semi-solid formability when the alloys had different
semi-solid microstructure characteristics had not
been discussed. Therefore, the judgment accuracy
of the above criteria for the formability of
semi-solid billets used in this study needs to be
further studied.

4.2 Deformation mechanism and segregation of
alloying elements

The semi-solid billets used in this study were
prepared by the WADSSIT method [23]. This
method has the characteristics of short process and
low cost. At the same time, the solid phase of the
semi-solid billets prepared was elongated ellipsoid,
which was different from the formability of
conventional semi-solid billets with equiaxed near
spherical solid phase. Based on the phenomenalism
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and solid-phase coherence theory [34], it can be
judged that the critical coherent solid fraction of
semi-solid billets with ellipsoidal solid phase will
be lower than that of equiaxed solid phase, which
means that the fluidity of ellipsoidal semi-solid
billets is inferior to that of equiaxed solid
semi-solid billets. This difference magnified the
difference between solid and liquid phase fluidity
on the parts formed in this study. As proposed
by CHEN and TSAO [24], four deformation
mechanisms are to be the major mechanisms
controlling the deformation of alloys with non-
dendritic microstructure in semi-solid state, they are
the liquid flow (LF) mechanism, the flow of liquid
incorporating solid particles (FLS) mechanism, the
sliding between solid particles (SS) mechanism, and
the plastic deformation of solid particles (PDS)
mechanism. In this work, due to the difference of
filling sequence, it is considered that the PDS
mechanism was dominant in the middle of the
box-shaped part and the FLS and SS mechanisms
were dominant in the flange area.

In addition, because the enrichment of alloy
elements would reduce the melting point of the
alloy, the content of alloy elements in the eutectic
composition of the liquid phase was significantly
higher than that of the solid phase, resulting in
significant macro element segregation in Figs. 2—7.
The distribution of Cu element in the middle of the
part is obviously lower than that in the flange of the
part. It is worth noting that the segregation of the
alloy element was not shown on Fe, Mn and Si
elements, but only on Cu element, which also
shows that other alloy elements were mostly in the
state of solid solution in the matrix during the
forming process, while Cu element was mainly in
the state of melting into liquid phase. This has not
been reported on the previous semi-solid forming
parts, which is due to the ellipsoidal shape of the
solid phase microstructure of the semi-solid billet
used in this study. The formation reason and
compression deformation behavior of semi-solid
ellipsoidal solid were reported in our previous
research [23,35]. This macro element segregation
phenomenon is something we do not want to see.
Since the forming state of the formed part is not the
final service state, and the heat treatment process is
also required, we hope that the segregation of this
alloy element can be improved after heat treatment.
LAN et al [2] investigated the influence of heat

treatment parameters on the strengthening effect of
2A14 alloy. The artificial aging process of 2A14
aluminum alloy was optimized by JMA equation
calculation and XRD aided test. HUANG et al [1]
proposed non-isothermal aging (NIA) treatment
method to improve the comprehensive mechanical
properties and intergranular corrosion (IGC)
resistance of 2A14 aluminum alloy. This solution
and artificial aging or improved solution and
artificial aging process were considered to be the
most effective heat treatment process to improve
the service properties of 2A14 alloy. At present,
there is no research on the improvement of the heat
treatment process of semi-solid forming parts. Our
research results show that the distribution of alloy
elements in semi-solid forming parts was obviously
different from that in traditional forming processes,
so the heat treatment process of semi-solid forming
parts should be improved. In particular, in order to
realize the long-term migration of alloy elements,
the solution process should extend the solution time
compared with the solid solution of solid plastic
forming parts.

4.3 Mechanical properties

The mechanical properties of the formed parts
belong to the unique characteristics of the formed
state, not the final service state, but the study of the
influence of the forming process parameters on the
mechanical properties of the formed parts can help
deeply understand the semi-solid deformation
behavior. JIANG et al [21] successfully formed a
complex 5A06 aluminum alloy bracket by direct
semi-solid thixoforging. The effect of solid plastic
deformation on deformation strengthening in
semi-solid forming was emphasized. This method is
consistent with the thixoforging method used in this
work, and the conclusion also supports the
experimental results. Figure 12(b) shows the
mechanical properties of thixoforged parts at
different forming temperatures, the yield strength of
the formed parts gradually increased with the
decrease in temperature, which indicates that the
reduction of temperature was helpful to improving
the deformation strengthening effect of solid plastic
deformation. CHEN et al [26] investigated the
microstructure of 7075 alloy parts formed by a
solid—liquid compound forming with a temperature
gradient, and they found that the formed parts
obtained a microstructure gradient similar to the
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temperature gradient. With the increase of the
controlled temperature gradient during the forming
process, the microstructure of the formed part
changes gradually from the pure solid plastic
deformation microstructure to the semi-solid filling
deformation microstructure. This is similar to the
idea of deformation strengthening by reducing
semi-solid forming temperature to achieve solid
plastic deformation. Although the mechanical
properties in the forming state still need heat
treatment, which was not the final service
performance, the highest performance strengthening
could often be obtained after heat treatment under
the forming process parameters with the highest
mechanical properties and excellent morphology.
JIANG et al [19] studied the influence of the heat
treatment process on the mechanical properties of
semi-solid forming 2A12 aluminum alloy, and
found that the mechanical properties of the formed
parts under the optimal forming process parameters,
can still be maintained the highest after T6 heat
treatment.

The main strengthening mechanisms of the
thixoforging 2Al14 parts were considered as
solution strengthening, deformation strengthening
and second phase strengthening. The solute atoms
in o-Al matrix cause lattice distortion, which
obstructs the movement of dislocations, making
the slip process difficult to execute, and the
solid-solution strengthening effect is more obvious.
In addition, the semi-solid 2A14 alloy experienced
obvious plastic deformation during thixoforging.
On the one hand, plastic deformation would
introduce a large number of dislocations in the
matrix, and the increase in dislocation density in the
matrix will hinder further slip and climb of
dislocations, which also means that the high stress
is required to make the parts deformed. On the
other hand, plastic deformation will introduce
substructure into the matrix, refine and segment
large grains to produce fine grains. The yield
strength of the formed parts will also be improved
according to the classical Hall-Petch formula [36]:

o*=cotKd® (1)

where o* is the yield strength; oo is the friction
force to prevent dislocation slip; K is the influence
coefficient of orientation difference of adjacent
grains on the dislocation movement, which is
commonly known as grain boundary resistance, and

its magnitude is related to the crystal structure; d is
the grain diameter.

5 Conclusions

(1) The box-shaped component with complex
shape and a large wall-thickness difference was
successfully formed. The filling sequence of
semisolid slurry during the thixoforging of the box
shape component involves filling of the middle,
filling of the side wall and filling of the flange.
There is obvious solid—liquid segregation behavior
in the whole part, which is mainly caused by the
extrusion of liquid phase during deformation. This
is followed by the segregation of the eutectic
structure at the flange position. However, the
dispersion distribution of FeMnSi phase did not
show obvious macroscopic segregation. Large
deformation was noted in the microstructure of the
thixoforged parts. It is beneficial to improving the
mechanical properties of the thixoforged parts.

(2) The yield strength varied from 157.1 to
187.3 MPa, the ultimate tensile strength varied from
268.2 to 316.6 MPa, and the elongation varied from
7.8% to 24.9%. The optimum process parameter of
direct thixoforging 2A14 aluminum alloy was held
at 620 °C for 20 min.

(3) In the thixoforging process, there are
obvious solid plastic deformation characteristics in
the center of the first formed parts, and deformation
strengthening is more obvious. The flange position
of the post-formed part is dominated by the
solid—liquid mixed filling deformation mechanism,
and there is an obvious solidification dendrite
structure at the grain boundary of large grains. The
non-uniform macro distribution of the liquid phase
also causes the macro segregation of Cu element on
the parts.
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