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refined and abated respectively by the compound field. The secondary dendrite arm size decreases to 5;8 ;m
in the field sheet. The 0.75 m/min sheet casted with the field shows better mechanical properties after
homogenization and hot rolling. The optimization mechanism of lower casting speed and the field was
discussed with the aid of classical solidification theory and electromagnetism.
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Abstract: Well-developed dendrites and severe macro and micro segregations in 7075 sheet
produced by horizontal twin-roll casting (TRC) deteriorate the hot-workability and properties of the
sheet, which makes an obstacle for the successful use of this technology. In this paper, lower casting
speed and a pulsed electric-magnetostatic compound field are used to refine microstructure and
abate segregation in TRC 7075 sheet. The dendrite arm space decreases from 20 um to 8~13 um
and the micro-segregation degree of Mg, Zn and Cu decreases when casting speed decreases from
1.5 m/min to 0.75 m/min. The center macro-segregation belt disappears in the 0.75 m/min sheet.
The as-cast structure and the dendritic segregation in the 0.75 m/min sheet are further refined and
abated respectively by the compound field. The secondary dendrite arm size decreases to 5~8 um in
the field sheet. The 0.75 m/min sheet casted with the field shows better mechanical properties after
homogenization and hot rolling. The optimization mechanism of lower casting speed and the field
was discussed with the aid of classical solidification theory and electromagnetism.
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1. Introduction

As a kind of ultra-high strength aluminum alloy, 7075 alloy is widely used in many fields like
construction of plane structures, automotive components, sports and electronic industries due to its
superior comprehensive properties, such as low density, high specific strength, toughness and
resistance to fatigue[1-4]. The traditional method of producing 7075 sheet is direct chill (DC)
casting followed by hot rolling [5], which has the disadvantage of complex process and high cost.
Unlike this method, twin-roll casting (TRC) can produce sheet directly from melt and thus has the
advantage of short procedure, energy saving and low cost [6]. However, severe segregation and
well-developed columnar dendrites always occur in TRC 7075 sheet as a result of directional
solidification as well as high content elements and wide solidification temperature range in the alloy
[7]. These segregated phases often form a network-like structure and provide easy path for crack
growth during hot plastic deformation at low temperatures [7]. They also cause partial melting due
to eutectic reaction at high temperatures, which narrows the temperature and strain rate ranges for
successful hot working [7].

During TRC of aluminum, process parameters such as pouring temperature and casting speed
decide whether the sheet can be produced smoothly as well as the microstructure of the sheet. Sun
et al. [8] pointed out that high casting speed tended to form macro-segregation in the TRC sheet
center. Thus the metallurgical defects in the TRC 7075 sheet maybe abated by adjusting the casting
speed. Besides, as stated by Asai [9], applying electric current and magnetic field would induce an
electromagnetic oscillation in the melt. As a result, the growing crystals can be shattered and refined
and the segregation abated. What’s more, compared with traditional refining methods, the
application of magnetic field is completely free from contamination and the imposition of electric

current is extremely clean, except for contamination from electrodes [9].
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Several researches on 7075 sheet produced by TRC have been carried out recently. Wang et al.
[10] studied the effects of microstructure of TRC 7075 sheet on its hot tensile behavior and found
that large elongation over 200 % was obtained at 450 °C under high strain rate of 1x10™ s™. This
large elongation was caused by the uniformly distributed small particles in TRC sheet casted at high
solidification rate, which induced homogeneous recrystallized microstructure during the hot
deformation. Su et al. [5, 11-12] studied horizontal TRC of 7075 sheet. Electromagnetic fields were
used during the process to abate both the micro and macro segregation and to refine the
microstructure. However, in these works, the effects of casting parameters were not investigated and
the function mechanism of the electromagnetic fields was not studied in detail.

In this paper, a 7075 sheet was produced by horizontal TRC. Different casting speeds were used
to study their effects on the microstructure of the sheet. A compound field (pulsed electric field
combined with magnetostatic field) was applied during casting to study its effects on the as-cast
microstructure and elements segregation in the sheet. The paper aims at finding an effective way to
abate the metallurgical defects in the 7075 TRC sheet and thus puts the technology into practice.

2. Experiment and material

The TRC was carried out on a reversible horizontal twin-roll caster with two rollers 500 mm in
diameter and 500 mm wide. The maximum rolling force was 1000 kN. Two roll gaps of 5 mm and
3.8 mm were used. The roller surface was smeared with graphite powder to avoid sticking. A
refractory nozzle was used to direct melt into the roll gap. Two home-made coils were used to
generate magnetostatic field in the roll-casting zone. One of the coils was put under the nozzle and
the other at the exit side near the roll gap. The maximum vertical magnetic flux density in the
cast-rolling zone was about 45 mT. The pulsed electric field (PEF) was generated with a pulse

stabilized power supply. The peak value, frequency and duty ratio were set to 600 A, 20 Hz and
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15 %, respectively. One end of the PEF wire was inserted into melt and the other end was pressed
on the sheet surface to form loop. The schematic diagram of TRC is shown in Fig. 1(a) and the
corresponding sizes of roll-casting zone are in Fig. 1(b). 7075 alloy was smelted in a 20 kW
resistance furnace by firstly melting commercially pure (99.9 %) aluminum ingot. When the melt
temperature reached 750 °C, commercially pure magnesium and zinc ingot and master alloys of Cu
and Cr were put into the melt. The melt was hold at this temperature for 2 hours. Then the melt was
cooled to 680 °C and poured into the nozzle through a sluice. The chemical composition of the 7075
alloy in wt% was Al- 5.59Zn- 2.92Mg- 1.88Cu- 0.239Cr- 0.46Fe- 0.4Si. Two casting speeds of 0.75
m/min and 1.5 m/min were used when the roll gap was 5 mm and 3.8 mm, respectively. In the first
casting, the magnetostatic field and PEF were applied on half of the sheet and the other half casted
without external field. The width and thickness of the as-cast sheet were about 210 mm and 7 mm

(or 5 mm), respectively.

14 1L K fi

Fig. 1 (a) Schematic diagram of electromagnetic TRC and (b) the roll-casting zone: 1-lower roller; 2 and
6-cooling water; 3 and 13-coil; 4-7075 sheet; 5-upper roller; 7 and 9-PEF wire; 8- pulsed power supply; 10 and
16-7075 melt; 11-sluice; 12-nozzle; 14-solidified alloy; 15- solidification interface

Small pieces of 50 mm %150 mm were cut from the as-cast sheets to be further treated. Firstly,

the pieces were homogenized in a resistance furnace at 460 +5 °C for 12 hours and furnace cooled



to room temperature. Then the sheets were hot rolled at a temperature range of 410~430 °C to a
final thickness of 1.5 mm followed by a stress relief annealing at 390 °C for 30 min. Metallographic
specimens were cut from the as-cast and homogenized sheets respectively to study their
microstructures. The samples were studied under a Leica DMI5000M optical microscopy (OM)
after being ground, polished and then etched with 3 vol % HF aqueous solution for 15~20 s. To
study the precipitated phases and elements segregation in the differently treated sheets, SSX-550
scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectrometry (EDS)
was used. The dendritic segregation was investigated with the micro-segregation degree S using the

following equation:

S — _max min (1)

where Crax, Cmin, Co are the maximum, minimum and average content of an element in the
segregation zone repectively. The mechnical properities of the hot rolled sheets were investigated
by tensile testing on a SHIMADZU AG-X universal testing machine at a speed of 2 mm/min
(corresponding to a strain rate of 0.001s™). The test samples were cut from the hot-rolled and
annealed sheets along the rolling direction on a wire cutting machine. The gage length and width of
the tensile sample were 34 mm and 10 mm, respectively. To make the test results as reliable as
possible, three samples were prepared for each condition and the average values of the eigenvalues
of the tensile curves were used in the analysis. The fracture morphology was studied on the
SSX-550 SEM.

3. Results

3.1 Microstructures of the as-cast sheet

Fig. 2 shows the transverse microstructure of as-cast sheet under different casting conditions. Fig.



2(a) and Fig. 2(b) show the near surface and center part in the 1.5 m/min sheet respectively.
Well-developed dendrites can be seen in the near surface part and the size of the dendrite arms is
not homogeneous and within a range of 15~25 um. Besides, some coarse worm shaped segregations
30 ~50 um wide and 100~200 um long can be observed in the upper right corner. In the center part,
a 20 ~80 um wide macro-segregation belt is observed. Above the belt, some very fine dendrites
appear and the crystal structure is heterogeneous. Fig. 2(c) and Fig. 2(e) show the near surface and
center part of the 0.75 m/min sheet casted without the compound field. The near surface part also
consists of well-developed dendrites with an average arm size of 8~13 um and many worm shaped
segregation zones 5~10 um wide and 50~70 pum long. The sizes of the dendrite arms and
segregation zones are much smaller than in the 1.5 m/min sheet. The macro-segregation belt
disappears in the center part and the microstructure is much the same as near surface part. In the
0.75 m/min sheet casted with the compound field shown in Fig. 2(d) and Fig. 2(f), the dendrites are
further refined compared with the non-field condition and with a smaller and more uniform size of
5~8 um. What’s more, the number of the worm shaped segregation apparently decreases and the
size of the rest diminishes to some extent. The average dendrite arm size in the as-cast 7075 sheet
under different casting conditions is shown in Fig. 3 to make the effect of casting speed and the
field shown more apparently. The arm size decreases markedly under lower casting speed and the

compound field.
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Fig. 2 Microstructure of as-cast TRC 7075 sheet: (a) 1.5 m/min, near surface; (b) 1.5 m/min, center; (c) 0.75
m/min, near surface, non-field; (d) 0.75 m/min, near surface, field; (e) 0.75 m/min, center, non-field; (f) 0.75
m/min, center, field
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Fig. 3 Average dendrite arm size in as-cast 7075 sheet under different casting conditions



Fig. 4 shows the SEM microstructure of the as-cast sheets. Fig. 4(a) and Fig. 4(b) show the near
surface and center part in the 1.5 m/min sheet, respectively. It can be seen the worm shaped
segregation zones in Fig. 2(a) (marked as “A” in Fig. 4(a)) and the macro-segregation belt in Fig.
2(b) (marked as “B” in Fig. 4(b)) are both the typical grain boundary (GB)-eutectic phases [13]. The
compositions of the two phases are shown in Table 1 and both have high amounts of Mg and Zn and
a little Cu in them. Fig. 4(c) shows the 0.75 m/min sheet without field. The GB-eutectic phase is
also observed in the sheet as marked out with the circles and “C”. However, the size of the phase is
much smaller than in the 1.5 m/min sheet. The composition result in Table 1 shows the phase also
has Zn, Mg and Cu in it. Compared with the 1.5 m/min cases, Zn content is higher whereas Mg and
Cu content is lower. Besides this phase, two other GB phases are found in the sheet. The white
phase marked as “D” has nearly same composition as the GB-eutectic phase whereas the black
phase marked as “E” is mainly Al matrix with some Fe in it. Fig. 4(d) shows the 0.75 m/min sheet
with field. Compared with the non-field sheet, the size of the GB phases is smaller and scarcer. The

composition of these phases is nearly same as the white phase marked as “D” in Fig. 4(c).
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Fig. 4 SEM microstructure of as-cast TRC 7075 sheet under different conditions: (a) 1.5 m/min, near surface; (b)
1.5 m/min, center; (c) 0.75 m/min, non-field; (d) 0.75 m/min, field.

Table 1 Compositions of phases marked out in Fig. 4, at %.

Position Mg Al Zn Cu Fe
A 23.05 59.42 11.75 5.78 -
B 21.94 52.23 16.14 9.69 -
C 8.57 63.91 23.15 4.37 -
D 12.34 63.09 17.44 7.13 -
E 1.82 86.85 2.93 3.42 4.98

To further study the dendritic segregation in the as-cast sheet under different casting conditions,
EDS line scanning was carried out and the results are in Fig. 5. The green lines in the left images
show the scanning positions and the corresponding results on the right. The scanning line passed
through at least one dendrite arm. Fig. 5(al) and Fig. 5(a2) show the result of the near surface part
in the 1.5 m/min sheet while the center part in Fig. 5(b1) and Fig. 5(b2). It can be observed the
elements content is higher in the dendrite arm boundaries than inside the arms. The scanning
position and result of the 0.75 m/min sheet without field are shown in Fig. 5(c1) and Fig. 5(c2) and
the sheet with field shown in Fig. 5(d1) and Fig. 5(d2). The content of the elements is also higher at
the arm boundaries than inside the arms. However, the content discrepancy is somewhat smaller

than in the 1.5 m/min condition.
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right: (al) & (a2) near surface, 1.5 m/min; (b1) & (b2) center, 1.5 m/min; (c1) & (c2) 0.75 m/min, non-field; (d1)
& (d2) 0.75 m/min, field

Micro-segregation degree Se of elements Zn, Mg and Cu was calculated based on the results in
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Fig. 5 to quantitatively analyse the dendritic segregation and the results are in Fig. 6. The S; in both
the near surface and center part of the 1.5 m/min sheet is higher than that in the coresponding parts
of 0.75 m/min sheet. After applying the field, the S¢ in both the near surface and center part of the
0.75 m/min sheet further decreases to some extent. The S, result is consistant with the

microstructrue differences in Fig. 4.
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Fig. 6 Micro-segregation degree S, of near surface and center parts in as-cast TRC 7075 sheet under different
conditions: (a) near surface; (b) center

3.2 Properties of homogenized and hot-rolled sheets

The SEM microstructure of the sheets after homogenization is shown in Fig. 7. Fig. 7(a) and Fig.
7(b) show the near surface and center part respectively in the 1.5 m/min sheet and Fig. 7(c) and Fig.
7(d) the 0.75 m/min sheet without and with the field respectively. Many dot-like and needle-like
precipitated particles can be seen in the homogenized sheets. The dot-like particles are with an
average diameter of ~0.5 um and the needle-like phases are 1 um wide and ~3 um long medially.
According to Liu [14], these needle-like precipitates were nucleated on dispersoids during slow
cooling. That is, during the furnace cooling, these needle-like phases would precipitate from the
supersaturated matrix and the dispersoids acted as the nucleuses. The needle-like particles in the 1.5

m/min sheet are scarcer than in the 0.75 m/min sheet. Some large worm-shaped phases can be seen
1



in the 1.5 m/min sheet in Fig. 7(a), which disappeared in the 0.75 m/min sheet in Fig. 7(c) and Fig.
7(d). The EDS results show these coarse phases have Fe and Si in them. As pointed out by CONG
[15] and Hechta [16], these particles rich in Fe and Si can deteriorate the hot workability and limit
the range of applicable process parameters during subsequent hot deformation and deteriorate the

toughness and fatigue properties of the final product.
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Fig. 7 SEM microstructure of TRC 7075 sheet after homogenization: (a) near surface, 1.5 m/min; (b) center, 1.5
m/min; (c) 0.75 m/min, non-field; (d) 0.75 m/min, field.

Fig. 8 shows the strain-stress curves of the hot rolled sheets. The eigenvalues are shown in the
table. Both the tensile strength (R,) and elongation (A) of the 1.5 m/min sheet are lower than that of
the 0.75 m/min sheets. The 0.75 m/min sheet casted with field has higher tensile strength than the
non-field sheet whereas a slightly lower elongation. This means the mechanical property of the

sheet was improved by the lower casting speed and the compound field.
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Fig. 8 Stress-strain curves of TRC 7075 sheet after hot rolling and stress relief annealing

The fracture morphology of the hot rolled sheet is shown in Fig. 9. Fig. 9(a) shows the 1.5 m/min
case and Fig. 9(b) and Fig. 9(c) show the 0.75 m/min case without and with the field respectively.
Dimples can be observed in all cases and these in the two 0.75 m/min cases are bigger and deeper.
Moreover, some quasi cleavage planes can be seen in the 1.5 m/min case. These differences are the
result of the better ductility of the 0.75 m/min sheets as shown in Fig. 8. Moreover, the dimples in
the 0.75 m/min +field case are somewhat shallower than in the non-field case. This is because the

field sheet has higher strength and lower ductility.
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m/min, non-field; (c) 0.75 m/min, field.

4. Discussion

One apparent feature of TRC process that distinguishes it from the traditional direct chill (DC)
casting is the large thermal gradient along the thickness direction, which results in rapid directional
solidification [8, 17]. As a result, together with the rolling effect, inclined columnar dendrites,
equiaxed dendrites and center segregation are common crystalline characteristics in as-cast TRC
sheets [6, 18]. The sampling plane in Fig. 2 was vertical to rolling direction and beveling the
inclined columnar dendrites. Thus equiaxed dendrites are observed. As the content of solute
elements in 7075 alloy is relatively high and the alloy has a solute redistribution partition
coefficient less than unity, a solute-rich boundary layer will be readily generated in front of the
crystallizing interface. Hence, a compositional segregation region is produced ahead of the
crystallizing front [19]. Moreover, due to the high cooling intensity in TRC, the adding elements
had little time to diffuse in the matrix to ensure a uniform distribution and this inevitably led to
concentration gradients across the primary a (Al) grains and finally the dendritic segregation [20].
During solidification, the columnar dendrites grow from the upper and lower roller surface to the
sheet center. The elements in the dendrite boundaries are pushed gradually by the rolling effect to
the center and finally form the macro-segregation belt.

14



During TRC, the cooling intensity in the cast-rolling zone is mainly determined by casting speed
and set-back distance. In present study, the set-back distance is nearly same for the two roll gaps of
5 mm and 3.8 mm. The contacting time of the melt to roll surface in 1.5 m/min case is nearly half of
that in the 0.75 m/min case. Thus the cooling intensity in the latter case is twice higher than in the
former. According to Hadadzadeh [21], the relationship between cooling rate and dendrite arm

spacing can be described by the following equation:
2S = 35.5R 7031 (2)

where R is the averaged cooling rate (in °C/s) and S is the half-length of the secondary dendrite arm
spacing (in um). With the increment of the cooling rate, the dendrite arm spacing decreases. The
higher the cooling intensity, the higher the cooling rate is. This can explain the relatively smaller
dendrite arm spacing in the 0.75 m/min sheet than in the 1.5 m/min sheet. Moreover, the rolling
reduction increases when the cooling intensity enhances and this can also refine the dendritic arms.
It has to be pointed out that Equation (2) was originally cited from the work of Dube et al. [22],
which was based on the study of solidification of AZ91 magnesium alloy (Mg- 8.3~9.7 wt.% Al-
0.35~1.0 wt.% Zn- 0.15~0.50 wt.% Mn). The morphology as well as the arm spacing of the
dendrites mainly depends on the constitutional super-cooling at the solidification front [23]. The
constitutional super-cooling is decided by the equilibrium partition coefficient (ko) of the alloy, the
content of the adding elements and the temperature gradient at the solidification front. As is known
[24], the values of ko for AZ91 alloy and 7075 alloy are both less than unity and the two alloys both
contain much high adding elements. That means, the influence factors for the solidification of the
two alloys are more or less same and the relationship between cooling rate and dendrite arm spacing
should be in a similar mode. Moreover, according to Dube et al. [22], Equation (2) can be used for a

relatively wide cooling rate range of 10~10° Kes™. Thus it is quite rational using the equation to

15



account for the effect of cooling rate on the dendrite arm spacing in twin-roll casting of 7075 alloy.
According to classical solidification theory [25], the solute content in the solidified phase during

solidification can be calculated with the following equation:

C: = koCo (1 - Hfojko), a = Dyt /S? (3)
where Cs the solute content in the solid phase, ko the equilibrium partition coefficient; Cy the
original composition of the alloy; Ds the diffusion coefficient in the solid phase, r the partial
solidification time, S the half-length of dendrite spacing. From the function it is known that with the
decreasing of the dendrite spacing, the solute content in the solid phase increases. Thus it can be
expected that the element content inside the dendritic arms is higher in the 0.75 m/min sheet, which
can help explain the smaller Se in the sheet. When the element content inside the arms increased,
less solute would be transferred to sheet center. Moreover, the migration channels for the elements
were blocked when the dendrites were refined. As a result, the macro-segregation belt disappeared
in the 0.75 m/min sheet.
When the compound field was applied to the 7075 melt during TRC, the Lorentz force:
f=JxB (4)

would be induced, where fis the current intensity and B the magnetic flux density [9]. It is a body
force with its direction and amplitude changing with time. In current study, the directions of the
electric current and the magnetostatic field were along the sheet length and vertical to the sheet
surface, respectively. Thus the body force was along the roll width according to the left-hand rule
and had a frequency of 20 Hz same as that of the pulsed electric field. Thus oscillation was
generated in the melt when the induced body force was large enough to overcome the viscous force

[9, 26]. During the horizontal TRC, the crystal growth direction was vertical to the roll surface,

opposite to that of the heat flow [8]. Thus the oscillation was vertical to the growth direction and the
16



growing columnar dendrites in the mushing zone would be perturbed and broken into pieces. This
can be further understood with the fact that the melt in the root area of the columnar dendrites has
more solutes and thus a lower melting point [23]. Thus the dendrite root grows more slowly than the
tip, which makes the root the weakest part. Meanwhile the high solute content induces changes in
the local curvature of the dendrite roots, which causes them to remelt [27]. Moreover, according to
Li [28], a significant difference in electronic resistivity between solid and liquid in the mushy zone
drives the solid to move faster than the surrounding liquid. This results in a relative velocity and
displacement between the two phases, due to which the dendrites might be segmented to some
extent. As a result, the higher order dendrites lose the chance to coarsen. Moreover, the small pieces
move to the solidification front and act as nucleus for new crystals and this also helps refine the
microstructure. The combination of these effects results in a smaller dendrite arm spacing and the
solute content inside the dendritic arms increases according to Equation (3).

According to Mahathaninwong et al. [13], the as-cast 7075 alloy mainly consists of matrix-o (Al)
and GB eutectic phases which are mainly n (MgZn,), T (Al,Mgs;Zn3) and S (Al,CuMg). However,
none of these intercrystalline phases are found in the as-cast TRC 7075 sheet and the content of Mg,
Zn and Cu in the precipitated phases is lower. The reason for the difference might lie in the different
cooling rates during casting. The interface heat-transfer coefficient during TRC is 5000~20000 W/
(m? K) whereas the value in the secondary cooling stage in DC casting is 60~130 W/ (m? K) [29-30].
What’s more, the diameter of DC ingots is ordinarily much larger than the TRC sheet thickness.
Thus the cooling rate in TRC is much higher than that in the DC casting. As a result, the dendrite
arm spacing of TRC sheet is smaller. Based on Equation (3), the solute content inside the dendrite
arms of TRC sheet is higher than that in the DC ingots and thus that in the GB phases decreases.

The same result was also attained in Birol’s work [20].
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The different structures of the sheets after homogenization are the results of the different as-cast
structures discussed above. As stated by Kim et al. [1], when the structure was refined, there would
be more sites for the precipitates nucleation and the diffusion length for the elements to form the
precipitates decreased. Moreover, the elements content inside the dendrite arms is enhanced in the
refined structure, which results in a more uniform distribution of the elements. All these changes
benefit a more homogeneous distribution of the precipitates in the homogenized sheet in Fig. 7.

According to Wang [10], the relatively high fraction of particles over 1 um in TRC sheet would
result in a homogeneous recrystallized microstructure with fine grains induced by particle simulated
nucleation (PSN). It can be thus speculated that the 0.75 m/min sheet would have a more
homogeneous and refined structure after hot rolling because of the more uniformly distributed
phases in it. The mechanical properties of the sheet are enhanced by both the refined structure and
the fine and uniformly distributed phases. Moreover, the coarse phases in Fig. 7(a) are harmful to
the enhancement of sheet properties, which can also explain the inferior properties of the 1.5 m/min
sheet.

5. Conclusions

Two casting speeds of 1.5 m/min and 0.75 m/min were used in horizontal TRC of 7075 sheet to
study their effects on the microstructure and properties. The effects of a compound field were also
investigated.

(1) When casting speed decreases from 1.5 m/min to 0.75 m/min, the size of the dendritic arms in
the sheet decreases from ~20 um to 8~13um and the micro-segregation degree of Mg, Zn and Cu
decreases as well. The macro-segregation belt disappears in the 0.75 m/min sheet.

(2) The microstructure of the 0.75 m/min sheet is further refined by the compound field and the

secondary dendrite arm size decreases from 8~13 um to 5~8 um. The dendritic segregation in the
18



field sheet is also further abated.

(3) More dot-like and needle-like segregation phases appear in the 0.75 m/min sheet after
homogenization. The 0.75 m/min sheet shows higher tensile strength and elongation that the 1.5
m/min sheet. The field sheet shows higher tensile strength and nearly same elongation compared
with the non-field sheet.
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