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Abstract
As heating time, temperature, strain and strain rate are the fourmost commonly used controllable
parameters in thermomechanical treatments of high strength aluminumalloy, which have great
influence onmicrostructures andmechanical properties. 7055Al alloywas subjected to solution and
thermomechanical treatment (4 routes) at different heating time (route 1), temperatures (route 2),
strains (route 3) and strain rates (route 4) to investigate their effects on grain structure and
precipitation. The results show thatMgZn2 particles are almost completely dissolved back into the
matrix after solution treatment, but the coarse Al7Cu2Fe andAl2CuMg remain steady. Particles
preferentially precipitate at grain boundaries. Precipitates free zones appear after aging at 300 °C for
different time in route 1.With the increased over aging time, precipitates grow and the quantity of
rod-shaped increases. After hot deformation, grains are elongated and numerous deformation
induced precipitates are formed. Grainwidth increases with the increase of strain temperature/rate in
route 2 and route 4.However, with further strain, grainwidthfirst decreases and then increases with
theminimumvalue taken at 60%deformation in route 3. Due to the effect of deformation on
spheroidization and refinement of precipitates, the size of precipitates decreases with strain and is
spheroidized gradually in route 2 comparedwith route 1. Strain energy plays the dominant role during
over aging or at low strain leading the rod liked precipitates, with the increase of strain, interfacial
energy plays the decisive role, and precipitates are spherical.

1. Introduction

With the development ofmodern industry (especially aerospace), the comprehensive properties requirement of
high strength aluminumalloy is higher and higher [1]. But the existingmicro alloying and heat treatment cannot
satisfy the need ofmodern industry. High strength, toughness, corrosion resistance and damage tolerance
indubitably become themain development direction of Al–Zn–Mg–Cu alloys [2]. Therefore, improving the
ductility of the alloy by optimizingmicrostructures whilemaintaining high strength has become an important
and urgent issue.

Former research on deformation of aluminumalloymainly focused on deformationmode (e.g.,
conventional deformation (rolling, extrusion, forging) and sever plastic deformation (Equal channel angular
extrusion,multi direction forging, cryogenic rolling)), the influence of deformation parameters [3–5], the
evolution ofmicostructures (dislocation, subgrain and deformation band, etc) [6, 7], and the control of
recrystallization structure [8].Wert et al [9]. introduced large/small precipitates into 7075Al alloy by over aging
at high temperature to improvemicrostructures. Bywhich grains were refined effectively. Since then,
precipitation of the second phase particles has become one of the hottest spots in the research of Al–Zn–Mg–Cu
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alloys. Recently, it has been found that spheroidization ofMgZn2 particles can be achieved by ECAP (Equal
channel angular pressing) [10] and deformation induced precipitation (DIP) treatment [11]. TheseMgZn2
affects deformedmicrostructure and improvesmechanical properties of the alloy. The re-precipitation and re-
dissolution of precipitates can also be induced inAl-Cu alloy during SPD (severe plastic deformation). The
precipitation, coarsening, crushing and spheroidization of precipitates are also accompanied by the ECAP
process in Al–Zn–Mg–Cu alloy [12–14]. The quantity,morphology, size and distribution of precipitates
significantly affect grain structure evolution and boundariesmigration of Al alloy, thus improving the
microstructure andmechanic properties. However, previous studies on precipitates of Al–Zn–Mg–Cu alloy
mainly focused on SPD at room temperature or artificial aging process, but the composite effect of temperature
and deformation on precipitation is also very important. Therefore, in this paper, the precipitation behavior of
the second phase during thermomechanical treatmentwas studied. Precipitates were introduced by over aging
or hot deformation. Grain evolution and dynamic precipitation behavior of nanoMgZn2 particles with different
parameters were also investigated.

2.Materials andmethods

As hot rolled commercial 7055Al alloy plates (HR-7055 chemical composition: 8.38Zn–2.07Mg–2.31Cu–
0.13Zr–0.16Ti–0.092Fe–0.056Si (wt%))were solution treated at 470 °C for 16 h plus 475 °C for 8 h in air
furnace and rapidly quenched into room-temperature water with quenching transfer time less than 5 s (marked
as SQ-7055). Then the plates weremachined into cylindrical samples with diameter of 10 mmand length of
15 mm. The cylindrical samples for hot compressionwere taken from the center of hot rolled plates (HR-7055).
The hot compression deformation direction is consistent with the original hot rolling direction. Two ends of the
cylinder weremilled and polished.

Hot compression experiment was carried out on a thermal simulator (DSIGleeble−3500). Graphite powder
and oil were coated on the two end faces of the cylindrical sample as the lubricant to reduce the influence of
friction force during compression. The thermomechanical treatment process is shown infigure 1(a) and table 1.
Route 1: samples were heated to 300 °Cand held for 30∼150 s (OV-30∼OV-150). SQ-7055 needs to be heated
and held for a certain time before deformation to ensure that temperature of the alloy is uniform.Which can be
treated as a special over aging process. In this study, the over aging treatment before hot deformation can not
only ensure the temperature uniformity of SQ-7055, but also obtain appropriate size and density of precipitates
to pin dislocations and boundaries, which is conducive to the subsequent thermomechanical treatment to
increase the deformation storage energy. Simultaneously, the over aging process can also be treated as a
comparative experiment (heating versus heating+deformation), eliminating the interference of heating to
study the influence of strain on precipitation. Route 2 (effect of deformation temperature onmicrostructures):
samples were heated to 200 °C∼350 °C for 120 s and deformed at strain rate of 0.1 s−1, sample height was
reduced from15mm to 6 mm, 60% reduction (DIP-T200∼DIP-T350). Route 3 (effect of strain on
microstructures): heated to 300 °C for 120 s and deformed at strain rate of 0.1 s−1, sample height was reduced
from15 mm to 12∼3 mm, 20∼80% reduction (DIP-D20∼DIP-D80). Route 4 (effect of strain rate on
microstructures): After heating to 300 °C andholding for 120 s, specimenswere deformed at strain rate of
0.01∼10 s−1, 60% reduction (DIP-R0.01∼DIP-R10). The heating rate of all samples was 2 °C s−1 and all samples
werewater quenched at room temperature immediately after deformation or heat treatment to retain the high-
temperature deformation structure. The pseudo binary systemof Al-MgZn2 is shown infigure 1(b). It can be
seen that the solubility ofMgZn2 inAlmatrix increases slowlywith temperature (<300 °C), but it increases

Figure 1. (a) Schematic presentations of compression processing; (b)Phase diagramofAl-MgZn2 system.
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rapidly above 300 °C. Therefore, the precipitation ofMgZn2 frommetastable supersaturated solid solution is a
spontaneous thermodynamic process. The deformation temperature was set at (200 °C∼350 °C) to study the
effect of temperature on precipitates. And the corresponding over aging contrast tests (300 °C for different time)
were also carried out.

Microstructures (Grain, precipitates, orientation, etc) evolutionwas analyzed by opticalmicroscope (OM,
ZeissMC80DX), scanning electronmicroscopy (SEMZEISS-ULTRA55with EDS (energy dispersive
spectrometer) and EBSD (electron back scattering diffraction), transmission electronmicroscopy (TEM,
HitachiH800 and JEOLLtd JEM2010). The standardmetallographic specimen preparationmethodwas used,
and the etching reagent is Keller’s reagent (2.5%HNO3+1.5%HCl+1%HF aqueous solution). In EBSD
maps, black thick lines representHAGBs (highAngle grain boundaries, θ>15°), while the gray thin lines
represent LAGBs (lowAngle grain boundaries, 2°<θ<15°). Aftermechanical polishing, the sample surfaces
were electropolishedwith 70%methanol and 30%nitric acid solution at−30 °Cand 30 V voltage to remove the
deformed layer. Samples were installed on a pre-titled sample holderwith an tilt angle of 70°, acceleration
voltage of 20 kV, step size of 1μm, and coverage area of approximately 0.12 mm2. To consider the statistics,
three such random regionswere examined. TEMfilmswere thinned by twin-jet electropolishing device. The
electrolyte was 30%nitric acid and 70%methanol (volume fraction), the current was 50∼70 mA, and
temperaturewas−20∼30 °C.OM, SEM, EBSD andTEMsamples were all cut fromLD-ND (longitudinal
direction and normal direction) (cross-section) of the deformed 7055Al alloy center. The size and area fraction
of the second phasewere analyzed by ‘Image J’ software in SEMorTEM images. In order to reduce the effect of
error, 3 randomSEM/TEM images were taken as the average value. It is difficult tomeasure the volume fraction
of precipitates directly, which can be calculated by the area fraction. According toDelesse theorem [15]. In 7055
Al alloy, take the cubewith side length L, and place X, Y, Z coordinates on the cube. The volumeVMgZn2 of
MgZn2 phase in the cube can be expressed as follows:

ò=V A L dy 1M Z

L

M Zg n
0

g n
2

2 2 ( )

WhereAMgZn2 is the area fraction ofMgZn2measured on any cross section, which changes with the position of
cross section (i.e. Y coordinate). It can be seen from formula (1) that the volume fraction ofMgZn2 is positively
related to its area fraction (volume fraction increases with the increased area fraction).

3. Results and discussion

3.1.Microstructure of plates after double-step solution treatment
In Al–Zn–Mg–Cu alloys, η (MgZn2) andT (Al2Mg2Zn3) phaseswere formed by the combination of Zn andMg.
The solubility of these two phases in Al–Zn–Mg–Cu alloys is very high, and changes sharply with temperature.
The solubility of the former is 4%–5%at 300 °C.Cu forms S (Al2CuMg) phasewith other elements.

Figure 2(a) showsmicrostructure of the initialHR-7055 alloy. It can be seen that the initial grains are coarse,
second phase particles appear in grain interior and boundaries, while that at grain boundaries are coarser. The

Table 1. Specific parameters of compression process.

Route Process T, °C t, s e, s−1 e, % Height,mm

Route 1 OV-30 300 30 — — —

OV-90 300 90 — — —

OV-120 300 120 — — —

OV-150 300 150 — — —

Route 2 DIP-T200 200 120 0.1 60 15→6
DIP-T250 250 120 0.1 60 15→6
DIP-T300 300 120 0.1 60 15→6
DIP-T350 350 120 0.1 60 15→6

Route 3 DIP-D20 300 120 0.1 20 15→12
DIP-D40 300 120 0.1 40 15→9
DIP-D60 300 120 0.1 60 15→6
DIP-D80 300 120 0.1 80 15→3

Route 4 DIP-R0.01 300 120 0.01 60 15→6
DIP-R0.1 300 120 0.1 60 15→6
DIP-R10 300 120 10 60 15→6

OV-over aging, DIP-deformation induced precipitate, T- deformation temperature,

t-holding time, e -strain rate, e-strain.
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cavities infigure 2 are the holes left by the second phase particles falling off duringmechanical polishing or
etching.

In the initial state ofHR-7055Al alloy, there are abundantMgZn2, Al2CuMg, Al7Cu2Fe andAl3Zr due to its
manufacturing process (casting, homogenization, hot rolling). In order tomake the researchmeaningful, the
initial alloy should return to the homogenization state before hot deformation, that is, solid solution alloywith
uniformmicrostructure and no segregation. Simultaneously it is also necessary to ensure that the alloy does not
over-burn. Therefore, how to determine the solution temperature becomes the first step in this study

According to the temperature-precipitates diagramof Al–Zn–Mg–Cu alloy [16] and the correlation
constants ofmain precipitates [17, 18], it can be seen that the volume fraction ofMphase (i.e.MgZn2) gradually
decreases, while that of S-Al2CuMgphase increases gradually in the range of 210∼435 °C; the volume fraction of
S phase decreases gradually in the range of 435∼470 °C.Thatmeans Al–Zn–Mg–Cu alloy can be regarded as
single-phase solid solution in the temperature range of 470–490 °C; however, when temperature is higher than
490 °C, liquid phase appears, i.e., overburning occurs. Therefore, the optimal solution temperature should be
between 470 °Cand 490 °C (the interval of single-phase solid solution). Detailed solution treatment parameters
are shown in table 2.

After solution treatment, grains grow slightly, larger than 600μm in longitudinal and 200μmin transverse.
No obvious overburning phenomenon (no spherical eutectic structure in thematrix or grains, and nomelted
black triangle at the junction of three grains [19]) appears. Grain interior is clearer for redissolved precipitates.
There are still some insoluble coarse second phase particles at grain boundaries (figure 2(b)).

It can be seen from the SEM images that plenty of coarse spherical particles, fine needle like particles and
fishbone like particles appear inHR-7055 alloy (figures 3(a) and (b)). EDS results (table 3) show that thefishbone
like second phase infigure 3(a) is iron rich phase (Al2Cu7Fe) (marked as A); the coarse elliptical second phase in
figure 3(b) is S phase (Al2CuMg) (marked as B); and the relatively small needle liked second phase infigure 3(b) is
MgZn2 phase (marked asC). The size ofMgZn2 particles here has reachedmicron level losing the strengthening
effect. In order tomake 7055Al alloy single-phase solid solutionwith uniform structure and no segregation, the
plates need special solution treatment.

Still two kinds of second phase particles exist in the alloy after solution treatment ((figures 3(c), (d))): coarse
hollowfishbone particles D and coarse spherical particles E. The edge of particle E ismore rounded, which
indicates partial redissolution during the double-step solution, while the fishbone like phaseDhas no obvious
change. Infigures 3(c), (d), almost no needle likeMgZn2 particles can be observed, which indicates these
particles have been decomposed in the long-term solid solution and fully redissolved into thematrix. According
to EDS analysis in table 3, the hollowed fishbone like second phase particles D infigure 3(c) are iron rich phase,
and the coarse spherical particles E infigure 3(d) are S phase. It has been proved that these two phases can not be
fully redissolved in the solid solution treatmentwith prolonged high temperature solution time [20].
Furthermore, itmay lead to the aggregation of these particles along grain boundaries, whichmay have a negative
impact on themechanical properties and corrosion resistance [21].

The distribution ofHAGBs (high angle grain boundaries) and LAGBs (low angle grain boundaries) ofHR-
7055 and SQ-7055 are shown infigure 4.Obvious recrystallization occurs in SQ-7055, no LAGBswith gray thin
lines appear in the recrystallized grains interior. It can be seen from IPF diagram that grain orientation
distribution of SQ-7055 ismore random comparedwith that ofHR-7055 and the recrystallization volume
fraction is about 28.6%.High-density LAGBs appear in the elongated grains. The distribution of grain boundary
misorientation is also calculated infigures 4(a3) and (b3). ComparedwithHR-7055Al alloy, grains of SQ-7055
are further recrystallizedwith the increasedHAGBs, refined andmore uniformly distributed grains.

Figure 2. 3D-OMof 7055Al alloy: (a) forHR-7055; (b) for SQ-7055.
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Table 2.Double-step solution treatment parameters of 7055Al alloy.

Heating rate °C min−1 Solution temperature of thefirst step, °C holding time, h Heating rate, °C min−1 Solution temperature of the second step, °C Holding time, h Quenching and coolingmode

2 470 16 0.1 475 8 Room temperaturewater cooling
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3.2. Evolution of precipitates during over aging
There aremainly three kinds of second phase particles in 7xxx series Al alloys [22]. Thefirst is coarse particle
with size>0.6μmand contains elements such as Fe, Si, Cu, etc; the secondwith intermediate size, between
0.02μmand 0.6 μm,which is dominated by the dispersed phase containingCr,Mn, Zr, etc, and the last is fine
precipitates with size less than 0.5μm (e.g.,MgZn2). The former two kinds of particles are highmelting point
precipitates produced during casting, which changes little during the subsequent heat treatment and hot
working [9], while the last is aging precipitation strengthening phase, which can precipitate, redissolve and re-
precipitate in heat treatment and hot deformation [21, 23]. The precipitation ofMgZn2 frommetastableα-Al
solid solution is a spontaneous thermodynamic process under liquidoid. The driving forceD a a h ¢+G is enough
to promote the precipitation ofMgZn2 frommatrix.

In order to study the effects of strain on dynamic precipitation, comparative tests were set up to observe the
precipitation process during over aging at corresponding temperatures. The cylindrical samples were heated to
300 °Cat a rate of 2 °C s−1, holding for 30∼150 s, and then quenchedwith room temperature water
immediately, so as to retain the over agedmicrostructure.

Figure 3. SEM images of 7055Al alloy: (a), (b) forHR-7055 and (c), (d) for SQ-7055.

Table 3.EDS results of the labeled particles infigure 3.
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Figure 5 shows the evolution of precipitates after over aging at 300 °C. After 30 s,fine and uniformly
distributed particles appeared in the alloymatrix (figure 5(a)); after 90 s, precipitates grew up obviously, while
their distributionwas still uniformwith increased area fraction (figures 5(a), (b)); when the over aging time
continued to increase to 120 s, precipitates further grew, and the rod-shaped dominated (figure 5(c)), which is
verified asmainlyMgZn2 by SAED (the selected area electron diffraction) pattern infigure 5(c).

Figure 4.EBSDof (a)HR-7055 and (b) SQ-7055: (a1), (b1) forGB (grain boundary), (a2), (b2) for IPF (inverse porefigure)maps and
(a3), (b3) for statistical images ofmisorientation angle.

Figure 5.TEMof over aged 7055Al alloy: (a)OV-30; (b)OV-90; (c)OV-120with the corresponding SAED (the selected area electron
diffraction) pattern inseted; (d)OV-150.
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The pinning force of precipitates on boundaries can be expressed as [24]:

g=P F d3 2Z V b ( )

P :Z Zener drag force, F :V volume fraction of precipitates, g :b constant, d: average diameter of precipitates.
Finally, when the over aging time increases to 150 s, precipitates grew up obviously (increased d), but their

density decreased.
It can be seen from the statistical diagram infigure 6(a) that the volume fraction (FV ) of precipitates changes

slowly after 120 s. Therefore, The drag force of precipitates decreases significantly [24] (figure 5(d)). The best
route 1 for obtaining the optimized precipitate is obtained as follows: heated to the required temperature and
held for 120 s to acquire precipitates with good pinning ability.

TheMPts (matrix precipitates) andGBPs (grain boundary precipitats) are significantly different after 120 s
over aging treatment (figure 6(b)).MPts are relatively finer and evenly distributed, while GBPs are larger and
continuously distributed.Wide precipitate free zone appear between grain boundaries andMPts (the area
between the dotted line and the solid line infigure 6(b)). TOgura [25] quantitatively study the PFZ (precipitates
free zone) in Al-Zn-Mg(-Ag) alloys bymicrochemical analysis and nanoindentationmeasurement to summarize
the formationmechanismof PFZ. According to the research ofOgura T, the formation of PFZ infigure 6(b)may
be explained as follows. The vacancy concentration near grain boundaries is lower than the critical nucleation
concentration, which results in the failure of nucleation in the region. Furthermore, the low concentration of
solute near the grain boundary leads to the decrease of supersaturation required for precipitation.

3.3.Microstructure analysis and dynamic precipitation evolution during hot deformation
Figure 7 shows grain structure and size statistics of 7055Al alloy after hot compression deformation. It can be
seen that grains of 7055Al alloywere obviously elongated after deformation, and the transverse size was smaller
than that of the SQ-7055 infigure 2(b). Some coarse second phase particles were crushed and discontinuous
along grain boundaries after hot compression.With the increased deformation temperature (figures 7(a)–(d)),
dynamic recovery becomemore andmore serious, grain boundaries were straighter withwider and uneven
spacing.High stacking fault energy and pinning of dispersed precipitates lead to no obvious dynamic
recrystallization even after 350 °Chot deformation.

Figures 7(e)–(h) shows thatwith the increase of strain, partial coarse second phase particles are gradually
crushed, grainwidth first decreased and then increasedwith theminimumvalue at 60%deformation
(figures 7(g), (m)). After 40%deformation, grains were obviously elongated.With the increase of deformation
(40%~80%), grains were gradually refined along the transverse direction to form long strip, namely deformation
bands. The reason is that increased strain leads to serious dislocation stacking. The very short compression
deformation time and large strainmake it difficult for dislocation to slip, resulting in uneven deformation and
forming deformation bands [26].Moreover, no obvious dynamic recrystallization occurred inDIP-20∼DIP-80,
for the fast deformation rate, low deformation temperature, small deformation amount and high stacking fault
energy.When deformation reaches 60% (DIP-60), grains are elongated along the compression direction and
continuous ‘wavy’ structure appeared (figure 7(g)). The ‘wavy’ structure was caused by thefluctuation offlow
stress in different regions after being elongated [27].

Figures 7(I)–(k) shows themicrostructure after compression at different strain rates (DIP-R0.01∼DIP-R10).
It can be seen that when deformation rate is slow (0.01 s−1),fine grains appeared near the original grain

Figure 6. (a)Average size and fraction of precipitates after over aging treatment; (b)fineMPts, coarse continuousGBPs andwide PFZ
ofOV-120.
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boundaries, which is dynamic recrystallization structure, and suchfine grains decreasedwith the increased
strain rate. Combinedwithfigures 7(I)–(k) and (n), it can be seen that with the increased strain rate, grain
boundary spacing become narrower and grain interior become clearer, indicating that the dynamic recovery/
recrystallization decrease. The increase of strain rate leads to serious dislocation stacking, and short-term
deformationmakes dislocation slip difficult and uneven, resulting in deformation bands. Therefore, high strain
rate is not conducive to the thermal activation and dislocationmobility, thus reducing the dynamic recovery/
recrystallization.

The precipitation and growth of second phase particles during hot deformation not only involves
thermodynamics, but also dynamics. Thermodynamics is the premise of precipitation, while dynamics can
affect the parameters of precipitates, such as rate,morphology, size, density etc. Deformation storage energy E is

Figure 7.OMof 7055Al alloy after deformation: (a)DIP-T200; (b)DIP-T250; (c)DIP-T300; (d)DIP-T350; (e)DIP-D20; (f)DIP-
D40; (g)DIP-D60; (h)DIP-D80; (i)DIP-R0.01; (j)DIP-R0.1; (k)DIP-R10; (l)–(n) average grainwidth.
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introduced by strain. The driving force (Gibbs free energy of system) ofMgZn2 precipitation during
deformation is as follows:D -a a h ¢+G E.m The driving force for precipitation is greater than the equilibrium
desolvation driving force ofMgZn2, so deformation is conducive to the nucleation of precipitates, andmore
MgZn2 particles are precipitated than in equilibrium state during a certain period of time.

Troeger L P [28] found that deformation bands infigure 7 can also provide favorable sites for the
heterogeneous nucleation of precipitates and affect theirmorphology. Precipitation and growth of the second
phase particles are essentially the process of atomic diffusion, which leads to the segregation of elements. Plenty
of defects (e.g., dislocations)were introduced by hot deformation, which can providemore nucleation sites for
precipitates. Simultaneously, it can provide a great diffusion channel for solute atoms, accelerating atomic
diffusion and promoting the precipitation and growth ofMgZn2.

Figure 8 shows the TEM images of precipitates after route 3. The density of precipitates increases with strain,
and spheroidization of precipitates becomemore andmore obvious. Figure 8(e) shows that with the increased
strain, the volume fractions of precipitates change little, while their sizes refined greatly.Moreover, the quantity
of rod-shaped precipitates decrease, while the spherical increase. Themicrostructure here is different from that
of the over aged alloy (only heating infigure 5). Precipitates aremore (increased density), refined and
spheroidized by deformation. Such special precipitates are defined as deformation induced precipitates (DIPs)
[29]. In the sameway, theDIPs are also proved to beMgZn2 phase by SAEDpattern infigure 8(c). According to
formula (2), the pinning force Pz increasedwith decreased precipitate size d and increased volume fraction F .V

whichmay retard themigration of boundaries to increase deformation storage energy and refine grains in some
practical thermomechanical treatment [24].

Figure 8.TEM images ofDIPs: (a)DIP-D20; (b)DIP-D40; (c)DIP-D60 (the inset is the corresponding SAEDpattern); (d)DIP-D80;
(e) average sizes and fractions of precipitates; (f) discontinuousGBPs ofDIP-D80.
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It can be seen fromfigure 8(f) that the PFZ ofDIP-80 is narrower than that of the over aged sample (OV-120
infigure 6(b)). The corrosion potentials of η′ phase, PFZ andAlmatrix are−0.869 V,−0.57 V and−0.68 V,
respectively [22]. It is obvious that the corrosion potential of PFZ is higher than that of η′ phase and aluminum
matrix. In corrosive environment, both η′ phase and aluminummatrix around PFZwill become anode and
dissolve preferentially. Therefore, reducing thewidth of PFZ is beneficial to improve the corrosion resistance of
the 7055Al alloy [30].

3.4.Modeling ofDIP
Through the above study on deformation induced precipitation, it is found thatMgZn2 spheroidized at a low
strain (ε=0.9, 60%warmdeformation). There are different explanations for the phenomenon that
deformation can spheroidize precipitates in Al–Zn–Mg–Cu alloy. NamCY [31] believed that in 7050Al alloy,
the coarse rod-shaped precipitates were crushed and spheroidized by ECAP at 250 °C.However, ShaG [32]
thought that in 7136Al alloy, the spheroidization ofMgZn2 precipitates was due to the change of orientation
between precipitates andmatrix, thus changing their interface energy. Our previous investigation [33] shows
that deformation does not change the orientation between precipitates andmatrix, nor does it change the
composition of precipitates, but alters the dissolution (endothermic enthalpy) and formation (exothermic
enthalpy) of precipitates.

In the light of solid phase transformation nucleation theory [34], new interface will be formed between the
newphase and the parent phasewhen the newphase particles are desolved and precipitated. As heat treatment
and hot deformationwere carried out below solution temperature, the phase composition and crystal structure
ofα-Al were changed due to themovement of atoms, resulting in the transformation from the state of high
Gibbs free energy (dislocation aggregation, strain) to newphase with lowGibbs free energy (such as recovery,
precipitation or spheroidization).When 7055Al alloy is held or deformed below the solid phase line, the solid
phase transformation process will occur andMgZn2 phase will be precipitated, which could reduce theGibbs
free energy of thewhole system. The reduction ofGibbs free energyDG can be expressed as:

D = D + DG G G 3a b ( )

Where,DGa andDGb can be represented as:

D = - D + D eG V G V G 4a V ( )

gD =G A 5b ( )

WhereV is the volume of the new phase,ΔGV is theGibbs free energy difference between the parent phase and
the newphase per unit volume (Gparent-Gnew),ΔGε is the strain energy of the newphase per unit volume, A is the
total surface area of the newphase, and γ is the interface energy between the new phase and the parent phase
(assuming no directionality).

In this process, the change ofGibbs free energyDG of thewhole system is composed of two parts, one is the
change ofGibbs free energyDGa caused by chemical free energy for the formation of new phase and strain
energy (formula (4)). The former ( DV GV ) is the driving force of phase transformation, which is negative, and
the latter ( D eV G ) is the resistance of phase transition, which is positive. The other part is formation of new
interface energyDGb between the parent phase and the new phase. To formnewphase, energy workingmust be
done to counteractDG ,b resulting in increased free energy of thewhole system, so it is a positive value ofDG .b

During heat treatment and hot deformation of 7055Al alloy, the precipitation of new phase is also
determined by the change ofGibbs free energy of thewhole systemDG.The new precipitates aremainlyMgZn2
particles. The interfacial energyDGb formed between the parent phase and the new phase is related to the size
and density of precipitates. Themain driving forceDGa for the newphase to precipitate is related toDG .V The
newphase here is relatively simple (mainlyMgZn2 phase). Under the process of over aging heating and hot
deformation, Gibbs free energy changes due to absorption of deformation energy. In otherwords, numerous
defects (e.g., dislocations) accumulate to formdeformation storage energy, which changes theGibbs free energy
difference betweenMgZn2 phase andAlmatrix.

Figure 9 is the schematic diagramof deformation induced precipitation process.When SQ-7055was over
aged at 300 °C, the concentration ofMgZn2 in the parent phase changed due to the decreased solubility
(figure 1(b)). From the thermodynamic point of view, the structure of highGibbs free energy state will change to
lowGibbs free energy state (newphase precipitation), so new phase nucleated and grew at grain boundaries
(GBPs) and in grain interior (MPts) as shown infigure 9(b). In polycrystals, grain boundaries will become
channels for the rapid diffusion of atoms and easily cause the segregation ofMg andZn atoms, thus forming
MgZn2 phase.MgZn2 nucleates and grows preferentially at grain boundaries. Therefore, GBPs are coarser than
MPts and continuously distributed (figures 6(b) and 9(b)).

After over aging treatment, 7055Al alloywas subjected to hot compression. A great quantity of defects (e.g.,
dislocations)were introduced (figure 9(c)). These defects with largefluctuationwill become the short-circuit
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diffusion channels for solute atoms and accelerate their diffusion (figure 9(d)). Simultaneously, these defects
change the original chemical potential in the grains, thus altering the diffusion direction and segregation
position ofMg andZn atoms ((figure 9(d))).

When newphase nucleates at these defects, the defects will disappear or be destroyed, thus releasing a part of
energy, reducing the total Gibbs free energyΔGof the system and stabilizingmicrostructures [35]. The
heterogeneous nucleation increases the quantity of nucleation sites for precipitates and the interfacial
energyDG .b

Of all the shapes, Gibbs free energy of the spherical precipitates is the lowest leadingmore stable system. The
change ofGibbs free energy during dynamic precipitation can be described by the formula as follows [34, 36]:

gD ¢ = - D + D + - DeG V G V G A V G 6V D ( )

WhereDGD is the decrease of Gibbs free energy per unit volume after nucleation at defects. The critical
nucleation radius R* can be expressed as [34, 36]:

g= D + D + DeR G G G2 7V D* ( ) ( )

It can be seen from formula (6), (7) that with the increased deformation,DGD increases, leading to the
denominator D + D + DeG G GV D( ) increasing. The critical nucleation radius R*decreases and the driving
force of precipitationD ¢G increases, resulting in increased nucleation ratio and nucleation quantity. Therefore,
the size of precipitates decreases with deformation (figures 8 and 9(e)). As a result, the interfacial energy per unit
volume of the new phase (g ) increases. The effect of interface energy on nucleation gradually exceeds that of

Figure 9. Schematic diagramof deformation induced precipitation process: (a) SQ-7055; (b) over aged; (c) deformed; (d) Short circuit
diffusion of atoms; (e)Thefinalmorphology ofDIPs.
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strain energy (D eG ) and plays a leading role.Moreover, the interfacial energy of spherical particles is the lowest,
so strainmakesMgZn2 precipitates spheroidize to reduce theGibbs free energy of the system. Therefore, in this
experiment, themorphology of deformation induced precipitates are spherical (figures 8 and 9(e)).

The desolvation and precipitation of second phase particles is essentially diffusion and segregation of solute
atoms. Deformation induces defects (e.g., sub grain boundaries, dislocations and vacancies). The region near
these defects is distortedwith high energy. Alloying elements (Mg, Zn, etc) interact with these defects and enrich
in the region near these defects, which is called atom clustering. As a result, these defects change the diffusion
direction of atoms (new region of segregation). The diffusion of partial solute atoms of the rod-shaped
precipitates to the new segregation position can also be regarded as a special re-dissolution and re-precipitation
process.

According to the explanation of PFZ in section 3.2, grain boundary structure is loose, which is a channel for
the rapid diffusion of atoms in polycrystalline, and it is easy to cause the segregation of solute atoms. There are
many defects such as vacancies on grain boundaries, whichmake it in the state of stress distortion, so the energy
is high. Grain boundary become the preferential nucleation region during solid phase transformation [22].
Therefore, the concentration of vacancy and solute in the region near grain boundaries is lower than the critical
nucleation condition. A great deal of dislocationswere introduced during hot deformation of 7055Al alloy.
Dislocationmovement is hindered by grain boundaries.When the force tomove dislocations is equal to the drag
force of grain boundaries, dislocations stop and block in front of grain boundaries. This is the so called
dislocation stacking [37]. These dislocations in the vicinity of grain boundaries decrease the chemical potential
in the region and become a channel for the rapid diffusion of atoms, thus reducing thewidth of PFZ (figures 8(f)
and 9(e)).

In this paper, the following conjecture were proposed:mass defects (such as vacancies, dislocations, etc)
introduced by hot deformation can accelerate the diffusion and segregation of solute atoms, causing
deformation induced precipitation. Based on the theory of desolvation and nucleation, the strain energy is
dominant and precipitates are rod like under over aging or low deformation.While the interface energy is
dominant and the precipitates are fine spherical with increased deformation.However, in the practice industrial
production (such as hot rolling, hot extrusion, hot forging, etc)many kinds second phase of different shapes
exist for various alloys especially heat-treatable aluminium alloys after hot deformation. The key is that
precipitation is also related to the dynamic process apart from the thermodynamic conditionwhich can only
provide thefinal state of certain phase at equilibrium state.

4. Conclusion

In this paper, the influence of strain parameters on grain structure and precipitates of 7055Al alloywere studied
in detail. The conclusions can be summarized as follows:

(1) After double-step solution treatment, some coarse equiaxed grains were formed, but the elongated
deformed grains were still dominant. The strengthening phaseMgZn2 completely dissolved intomatrix,
while the highmelting point coarse second phase particles (e.g., Al7Cu2Fe andAl2CuMg) hardly changed.

(2) After over aging at 300 °C, particles preferentially precipitated at grain boundaries. Size, quantity and
volume fraction of precipitates increasedwith increased over aging time.However, after 120 s, the growth
rate became slow, and themorphology of precipitates also changed. The quantity of spherical precipitates
decreasedwith rod-shaped precipitates increased.

(3) After hot compression, grains of 7055 Al alloy were elongated and a large amount of DIPs were formed. The
grainwidth increasedwith increasing deformation temperature and decreasing deformation rate.However,
with the increase of deformation, grainwidthfirst decreased and then increased, theminimumvaluewas
taken at 60%.Due to the effect of deformation induced spheroidization and refinement, the size of
precipitates decreasedwith the increase of deformation and gradually spheroidized.
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