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Abstract: Cryogenic rolling impacts on microstructure and mechanical properties of spray-formed 7055 (SF-7055) Al
alloy were investigated. Results show that with the increase of the reduction from 20% to 80%, the grain of cryogenic
rolled SF-7055 Al alloy is elongated to form a fiber texture. Numerous proliferating dislocations in the microstructure
accumulate into dislocation walls and cells, and eventually form subgrains. These subgrain boundaries divide the original
grain, thereby reducing the grain size. Under severe deformation conditions, they even enable the formation of nanograins.
Meanwhile, the Cu-rich precipitates in the matrix are also broken and refined under the action of large rolling stress. In
the process of cryogenic rolling, the tensile strength and hardness of SF-7055 Al alloy gradually increase, while the
plasticity decreases. Moreover, the fracture morphology of cryogenic rolled SF-7055 Al alloy gradually transforms to the
ductile and quasi-cleavage hybrid fracture characteristics with increased reduction.
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comprehensive mechanical properties of 7055 Al
alloy. In the spray forming process, rapid
solidification of Al alloy droplets can enhance the

1 Introduction

As one of the most advanced aviation Al alloys,
7055 Al alloy has extremely high strength, excellent
toughness, and improved stress corrosion resistance,
and it has been widely used in civil aircraft such as
the B777 and A380 [1-3]. To solve the conventional
casting 7055 Al alloy composition segregation and
coarse grain problems, the spray forming process is
considered an excellent solution to improve the

solid solubility of alloying elements and inhibit grain
coarsening, thus eliminating segregation and
refining grains [4—6]. A series of studies [7—9] have
shown that the average grain size of spray-formed
7055 (SF-7055) Al alloy is only half of that of
traditional casting, effectively preventing Zr element
segregation. After hot extrusion and T6 treatment,
its microstructure becomes more uniform, and its
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tensile strength can reach approximately 730 MPa.

Although the SF-7055 Al alloy has excellent
comprehensive mechanical properties, it still has
some significant shortcomings, especially its poor
deformation ability due to the high alloy content.
Under room temperature deformation conditions, the
SF-7055 Al alloy undergoes complex stress states,
which can readily result in the emergence of edge
cracks and other machining defects. Most Al alloys
with high alloy content will have defects such as
edge cracking during cold rolling [10—12]. Currently,
thermal deformation processes are primarily utilized
for the forming of SF-7055 Al alloy [13,14].
Although the thermal deformation process of SF-
7055 Al alloy has been relatively mature, there
remain several pressing issues that require attention.
During the thermal deformation process, the alloy
grains tend to coarsen, negatively affecting their
mechanical properties. Additionally, the increased
metal fluidity at high temperatures frequently results
in concentrated deformation and local thinning.
Subsequently, residual stress and deformation
arising from the cooling process can further
exacerbate any differences in dimensions.
Furthermore, the oxidation and peeling of the Al
alloy surface during thermal deformation will also
seriously affect its surface quality [15—17]. These
adverse effects on the microstructure and
dimensional stability of SF-7055 Al alloy caused by
the thermal deformation process seriously restrict its
industrial production and practical application.
Therefore, it is urgent to explore a new way to solve
the deformation problem of SF-7055.

As a new technology, cryogenic deformation
process can perfectly solve the deformation problem
of high-strength Al alloy. In the liquid nitrogen
environment (—196 °C), the plastic deformation of
Al alloy is more uniform and stable, and the
development of micro-cracks is relatively slow,
resulting in the superplastic characteristics of Al
alloy [18,19]. Meanwhile, due to the inhibition of
dislocation motion and dynamic recovery in the
cryogenic environment, the substructural density of
the Al alloy after plastic deformation increases
sharply, which promotes the increase of strength
[20,21]. YANG et al [22] conducted cryogenic
rolling and room temperature rolling of 7075 Al
alloy followed by aging. At an 80% reduction,
cryogenic rolling effectively prevented the formation
of numerous edge cracks commonly associated with

room temperature rolling. Compared with room
temperature rolling, the strength of 7075 Al alloy
processed by cryogenic rolling exhibits a slight
increase, while the uniform elongation is
significantly improved by 72%. XIONG et al [23]
investigated the influence of cryogenic rolling and
room temperature rolling on the mechanical
properties and corrosion properties of 7050 Al alloy.
Compared with room temperature rolling, cryogenic
rolled 7050 Al alloy produces higher ultrafine grain
volume fraction and dislocation density. After aging,
the strength of 7050 Al alloy processed through
cryogenic rolling is nearly 12% higher than that
achieved through room temperature rolling, while
also exhibiting superior corrosion resistance.
Therefore, the application of cryogenic deformation
technology in the industrial production of SF-7055
Al alloy has important practical significance. This
work probed into SF-7055 Al alloy by cryogenic
rolling under different reductions. Using several
measurements and data analysis, the microstructure
and mechanical properties of cryogenically-rolled
SF-7055 Al alloy under different reductions were
systematically investigated. The objective is to
produce SF-7055 Al alloy sheets with uniformly
refined microstructures, fine grain sizes and superior
mechanical properties. It is expected to provide a
theoretical basis and technical support for the
industrial production of SF-7055 Al alloy.

2 Experimental

2.1 Fabrication process of SF-7055 Al alloy

The SF-7055 Al alloy was prepared using an
SFZD-5000 spray deposition equipment. The
process schematic diagram is illustrated in Fig. 1.
The raw material was heated in a crucible furnace to
a temperature range of 700—750 °C until it reached a
molten state. This molten material was then allowed
to flow into the deposition chamber through the
control of a stopper rod and subsequently atomized
into small droplets by a high-pressure N; air flow of
0.6—1.0 MPa. These droplets were deposited onto a
rotating substrate located at a distance of 650 mm
from the spray nozzle, forming ingots upon impact.
The substrate was rotated at a speed of 45—55 r/min,
with a return speed of 2—4 mm/min to ensure
an effective deposition. The resultant chemical
composition of the SF-7055 Al alloy ingot, in mass
fraction (wt.%), is as follows: Zn 7.91, Cu 2.30, Mg
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1.92, Zr 0.11, Fe 0.07, Si 0.02, and the remainder
being Al.

Stopper rod
Crucible furnace
Molten material

Atomizing nozzle

— Atomizing cone

———}— Deposited material
\ N Rotating base

Exhaust port

Fig. 1 Schematic diagram of SF-7055 Al alloy preparation

2.2 Cryogenic rolling process, microstructure
analysis, and mechanical properties testing
methods
The SF-7055 Al alloy ingot was hot-extruded

at 430 °C using an 880UST hot extruder. The process

was conducted at an extrusion speed of 0.2 mm/s and
an extrusion ratio of 15.6 to enhance the material’s
density. After extrusion, the ingots were cut into

plate specimens measuring 100 mm % 100 mm x

5 mm, with care taken to maintain the orientation

parallel to the direction of hot extrusion. These plates

underwent a solution treatment, initially at 450 °C
for 3 h, followed by a temperature increase to 475 °C
for a further 3 h, to improve plasticity. Before rolling,
the plate specimens were immersed in liquid nitrogen
for over 20 min to ensure thorough cryogenic
treatment. Rolling was then performed on these
specimens parallel to the direction of hot extrusion,

with four groups achieving total reductions of 20%,

40%, 60%, and 80%, respectively, using a BFYP—-30P

rolling mill. During the rolling process each pass

reduced the thickness by 5%, followed by a 20-min
cryogenic treatment before the subsequent pass.

For microstructural analysis, the cryogenic
rolled plates were sectioned into small 10 mm X
10 mm pieces. The samples were first polished
and then etched using Keller’s reagent (composed
of 95mL water, 2.5mL nitric acid, 1.5mL
hydrochloric acid, and 1 mL hydrofluoric acid) for
20 s. The etched samples were examined under a
Carl Zeiss Axio Vert.Al optical microscope (OM).
Further, the precipitates were analyzed using a
Hitachi S—4800 scanning electron microscope
(SEM), equipped with an energy dispersive

spectrometer (EDS) for compositional analysis.
Electron backscattered diffraction (EBSD) was
utilized to characterize the grain boundary and
substructure distribution. The transmission electron
microscope (TEM) samples underwent a precise
grinding process, achieving a thickness of 10 um,
before being subjected to additional thinning using
the Gatan 691 ion thinning instrument. For a
comprehensive microstructural analysis of the
cryogenically-rolled SF-7055 Al alloy across
varying degrees of reduction, the FEI Talos F200X
TEM was employed. The mechanical properties
were assessed by measuring the hardness of the
rolled samples using an HVS—30 Vickers hardness
tester, applying a 49 N load for 15s. Hardness
testing was performed at five different locations on
each sample to calculate the average hardness.
Tensile properties were evaluated by cutting
specimens from the cryogenically-rolled plates along
the transverse direction as depicted in Fig. 2. These
specimens were tested using an Instron 5985
universal testing machine to ascertain their quasi-
static tensile properties. After testing, the fracture
surfaces were examined using the same Hitachi
S—4800 SEM to observe the fracture morphology.
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Fig. 2 Schematic diagram of tensile specimen (Unit: mm)

3 Results

3.1 OM images

OM images showing the microstructures of
cryogenically-rolled SF-7055 Al alloy at varying
degrees of reduction are presented in Fig. 3. At a
20% reduction, the grains of SF-7055 Al alloy
exhibit clear signs of plastic deformation, appearing
oval as depicted in Fig. 3(a). With an increase in
reduction to 40%, the grains elongate, resulting in a
higher aspect ratio. Additionally, substructures
perpendicular to the rolling direction (RD) begin to
emerge within the grains, as illustrated in Figs. 3(b)
and (c). Similar substructures were also observed by
PANIGRAHI and JAYAGANTHAN [24] in the
microstructure of cryogenic rolled 7075 Al alloy. As
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Fig.3 OM images showing microstructures of cryogenically-rolled SF-7055 Al alloy at reductions of 20% (a),

40% (b, c), 60% (d), and 80% (e, f)

the reduction reaches 60%, the grains transform from
oval to a more strip-like shape, and the internal
substructure becomes more pronounced, as shown in
Fig. 3(d). At the highest reduction of 80%, the strip-
like grains break apart, and the grain boundaries
become indistinct. Substructures largely dominate
the microstructure, visible in Figs. 3(e) and (f). The
evolution of microstructures in SF-7055 Al alloy
during cryogenic rolling is closely linked to the
stress action. At lower reductions, strip grains
primarily experience normal stress, which leads to an
increase in the aspect ratio. As the reduction level
increases, the elongated strip grains become more
susceptible to shear stress, leading to an increase in
substructures perpendicular to the RD, as reported in
Refs. [25,26].

3.2 SEM images and EDS data

SEM images demonstrating the microstructures
of cryogenically-rolled SF-7055 Al alloy at different
levels of reduction are displayed in Fig. 4. As the
reduction increases, the width of the strip grains in
the cryogenically-rolled SF-7055 Al alloy gradually
narrows. At a high reduction of 80%, the grain
boundaries become increasingly indistinct, and a
significant number of substructures develop within
the grains, as observed in Fig. 4(d). These SEM
observations confirm the findings from OM
images, providing validation on a finer scale.
Additionally, numerous precipitates are observed in
the cryogenically-rolled SF-7055 Al alloy. These
precipitates, approximately 1 um in size, are
evenly distributed within the grains. As the reduction
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Fig. 4 SEM images showing microstructures of cryogenically-rolled SF-7055 Al alloy at reductions of 20% (a), 40% (b),

60% (c), and 80% (d)

increases, the quantity of these precipitates
diminishes, likely due to the substantial plastic
deformation causing the precipitates to fracture. EDS
analysis further characterizes these precipitates, as
shown in Fig. 5. Figure 5(a) shows the SEM image
area for the EDS analysis of the Al alloy. Point
scanning analysis of a precipitate in Fig. 5(b)
confirms that it is rich in Cu element. According to
HE et al [27], these Cu-rich precipitates primarily
consist of AlL,Cu, AlCu, AlCus, and AlsCuy. These
uniformly distributed Cu-rich precipitates obstruct
dislocation movement, thereby enhancing the
alloy’s strength and hardness. In the Al matrix, the
distribution of Mg, Cu, and Zn is relatively uniform,
as illustrated in Figs. 5(c—f), which depict element
mapping in this region. This uniform distribution of
alloying elements in the matrix tends to precipitate
into fine nanoparticle precipitates of # and 7' phases,
further augmenting the strength and hardness of the
alloy [28-30].

3.3 EBSD analysis results
EBSD analysis results of the cryogenically-

rolled SF-7055 Al alloy under 40% reduction are
depicted in Fig. 6. The band contrast map shown in
Fig. 6(a) reveals a sharp and clear microstructure
morphology, indicating that high-quality diffraction
patterns were obtained during rapid data acquisition.
In the grain boundary map in Fig. 6(b), black lines
delineate high-angle grain boundaries (HAGBs) with
misorientation greater than 15°, while red lines
indicate low-angle grain boundaries (LAGBs) with
misorientation from 2° to 15°. At a 40% reduction,
the proportions of HAGBs and LAGBs in the
cryogenic rolled SF-7055 Al alloy are 27.5% and
72.5%, respectively. These LAGBs primarily consist
of numerous subgrain boundaries formed during
the cryogenic rolling process, where dislocations
proliferate and align to eventually form dislocation
walls, cells and subgrain boundaries. Similar to fine-
grain strengthening, the presence of a high density
of subgrain boundaries significantly enhances the
strength of the SF-7055 Al alloy. The kernel average
misorientation (KAM) map in Fig. 6(c) reflects the
distribution of local strain and dislocation density
under 40% reduction. Here, 92.7% of the local
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pectrum 1

(b) Cu

Element wt.% at.%

Mg 059 120
Al 19.84 36.57
Cu 7626 59.70
Zn 332 253

Fig. 5 (a) SEM images of precipitates of cryogenically-rolled SF-7055 Al alloy; (b) EDS element point scanning analysis

results of precipitate; (c—f) Element distribution mappings

orientation differences are less than 2°. During
cryogenic rolling, the low temperature restricts
dislocation movement and entanglement, leading to
a uniform dislocation distribution and minimal local
strain in the microstructure [31—33]. This uniformity
helps to reduce stress concentration during plastic
deformation, thereby enhancing plasticity. Figure 6(d)
displays the inverse pole figure (IPF) map, which
reveals local crystal orientation characteristics under
40% reduction. The texture characteristics of the SF-
7055 Al alloy after 40% reduction cryogenic rolling
are evident, with the grain orientation showing optimal
distribution across all three directions, achieving a
maximum texture intensity up to 6.27, as indicated
in Fig. 6(e). In the cryogenically-rolled Al alloy, a
typical face-centered cubic rolling texture develops,
primarily consisting of Copper {112}(111), Brass

{011}(100), and S {123}(634) orientations [34,35].

Similarly, EBSD analysis results of the
cryogenically-rolled SF-7055 Al alloy under 80%
reduction are presented in Fig. 7. In the band contrast
map (Fig. 7(a)), black areas signify high dislocation
density within these regions, akin to findings
reported by KUMAR and KUMAR [36] in
cryogenically-rolled 6082 Al alloy with 90%
reduction. Compared to the 40% reduction, the
density of LAGBs at an 80% reduction significantly
increases by nearly 85%, although the density of
HAGBs does not show a notable increase but
displays disrupted continuity, as illustrated in
Fig. 7(b). As the reduction increases, the dislocation
density increases, promoting subgrain formation and
causing sharp elongation and fragmentation of the
original grains into finer grains.
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Fig. 6 Band contrast (a), grain boundary (b), KAM (c), grain orientation (d), and IPF (e) maps of cryogenically-rolled SF-

7055 Al alloy under 40% reduction by EBSD analysis

The KAM map in Fig. 7(c) indicates that the
dislocation density under 80% reduction is higher
than that under 40%. The process of cryogenic rolling
coordinates plastic deformation through dislocation
proliferation and movement. At an 80% reduction,
the grain orientation of the cryogenically-rolled SF-
7055 Al alloy tends to align consistently towards
the (112) direction, correlating with the maximum
texture value of 7.45, as shown in Figs. 7(d) and (e).

3.4 TEM images
Figure 8 presents TEM images of cryogenically-
rolled SF-7055 Al alloy under different reductions.

At a 40% reduction, discontinuous rod-like grain
boundary precipitates (GBPs) with a size of
approximately 40 nm are observed to be intermittently
distributed along the grain boundaries. During the
rolling process, solute atoms tend to segregate at the
grain boundaries, where they preferentially nucleate
to form GBPs, primarily comprising the # phase.
Typically, these coarse and discontinuous GBPs
contribute to enhancing the corrosion resistance
of SF-7055 Al alloy, as reported in Refs. [9,37].
Concurrently, within the grain interiors, uniformly
dispersed matrix precipitates (MPts) are visible.
These MPts exhibit a short rod-like morphology with
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101 101
Fig. 7 Band contrast (a), grain boundary (b), KAM (c), grain orientation (d), and IPF (e) maps of cryogenic rolled SF-

7055 Al alloy under 80% reduction by EBSD analysis

a length of approximately 20 nm and are primarily
composed of # and #' phases. The precipitation
sequence during rolling progresses from a saturated
solid solution (SSS) through coherent Zn, Mg(Cu)-
rich clusters or Guinier-Preston (G.P.) zones,
converting to metastable n' phase (semi-coherent
MgZn,), and finally stabilizing into # phase (non-
coherent MgZn,), as detailed in Refs. [38,39]. The
dispersion of fine #' and 5 phases significantly
enhances the strength of the SF-7055 Al alloy.
Through plastic deformation, a large number of
dislocations are generated in the SF-7055 Al alloy
and aggregate to form dislocation walls, which serve
as the basis for the formation of subgrains, as shown

10 20 30 40 50 60
Grain boundary angle/(°)
g B Y i Y

Half width: 10°
Cluster size: 3°
Exp. densities (mud):
Min=0, Max=7.45

1.50
2.99———
447 ——
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R

in Fig. 8(c). Furthermore, to characterize the
crystalline structure features, selected area electron
diffraction (SAED) pattern is employed, as depicted
in Fig. 8(d). Compared to the 40% reduction, the SF-
7055 Al alloy exhibits a higher dislocation density at
an 80% reduction. These high-density dislocations
further evolve into dislocation cells, resulting in
the formation of nanograins in certain regions, as
illustrated in Fig. 8(e). Under such extensive
deformation, distinct grain boundaries have vanished,
completely replaced by a multitude of dislocations.
Further SAED pattern of the nanograins regions
reveals ring-like patterns, confirming the presence of
these refined nanocrystals that exhibit different grain
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Fig. 8 TEM images of cryogenically-rolled SF-7055 Al alloy, including grain boundaries (a, b), dislocations (c), and

SAED pattern (d) under 40% reduction, as well as nanograins (e) and SAED pattern (f) under 80% reduction

orientations, resulting in the broadening of
diffraction spots and the formation of continuous
diffraction rings (Fig. 8(f)).

3.5 Vickers hardness

Figure 9 illustrates the Vickers hardness of
cryogenically-rolled SF-7055 Al alloy under varying
degrees of reduction. Initially, the Vickers hardness
of the SF-7055 Al alloy in a solid-solution state is

HV 147. Upon a 20% reduction, the hardness
increases by 24.5% to HV 183. As the reduction
continues to increase, there is a corresponding
gradual increase in the Vickers hardness values. At
an 80% reduction, the hardness further escalates
by 44.2% to HV 212. This trend of increasing
hardness with greater reduction levels is tightly
linked to changes in the microstructure [40—42]. At
lower reduction levels, the primary strengthening
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mechanism is deformation strengthening. This is
driven by an increase in dislocation density
and the emergence of deformation textures, which
significantly enhance the hardness of the SF-7055 Al
alloy, as depicted in Figs. 3(a) and (b). At higher
reduction levels, the strengthening mechanism
transforms to a synergistic effect of fine-grain
strengthening  combined  with  deformation
strengthening. The original strip grains break down,
leading to the formation of numerous subgrains
within the microstructure, contributing to the
increased hardness, as shown in Figs. 3(d) and (e).
Additionally, the fragmentation of the Cu-rich
precipitates during this process also plays a critical
role in further enhancing the hardness, as evidenced
in Fig. 4.

220 212
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Fig. 9 Vickers hardness of cryogenically-rolled SF-7055
Al alloy under different reductions

3.6 Stress—strain curves

Figure 10 displays the stress—strain curves of
cryogenically-rolled SF-7055 Al alloy at various
reduction levels. Initially, the SF-7055 Al alloy in
solid-solution state shows a tensile strength of
375.6 MPa and an elongation of 21.7%. At a
20% reduction, the tensile strength increases to
625.8 MPa, while the elongation decreases to 16.7%.
As the reduction level increases, a consistent pattern
emerges: tensile strength continues to rise, and
elongation progressively decreases. At an 80%
reduction, the tensile strength peaks at 709.1 MPa,
an 88.8% increase compared to that of the solid
solution state, with elongation maintaining above
10%. The mechanism underlying these changes
during cryogenic rolling
dislocation initiation and evolution, leading to the
formation of dislocation walls and cells that further

involves extensive

evolve into subgrain boundaries. These micro-
structural barriers, including dislocation walls, cells,
subgrains and grain boundaries, significantly impede
dislocation slip caused by plastic deformation,
thereby enhancing the material’s strength. Moreover,
the low temperatures during cryogenic rolling inhibit
dislocation movement, resulting in a more uniform
distribution throughout the
microstructure. This high density of uniformly
distributed dislocations not only fragments the strip
grains but also leads to the formation of numerous
subgrains. The high density of these interfaces
hinders the propagation of tensile cracks, effectively
preserving the material’s plasticity. This observation
aligns with the findings by MORENO-VALLE
et al [43], who noted that reducing the deformation
temperature can enhance the plasticity of Al alloys.

of dislocations

800
——80% reduction
60% reduction
— 40% reduction
600 ——20% reduction
—=—Solid-solution
g state
2
2 400
g
)
200
0 5 10 15 20 25 30

Strain/%

Fig. 10 Stress—strain curves of cryogenically-rolled SF-
7055 Al alloy under different reductions

3.7 Tensile fracture morphology

SEM images depicting the tensile fracture of
cryogenically-rolled SF-7055 Al alloy under varying
degrees of reduction are presented in Fig. 11. At a
20% reduction, the fracture surface of the alloy
displays numerous deep dimples, indicative of
typical ductile fracture characteristics, as reported in
Refs. [44,45]. Concurrently, the presence of elongated
grains facilitates the propagation of microcracks
along the grain boundaries, resulting in the formation
of long tearing edges, as illustrated in Fig. 11(a).
As the reduction increases, a deformation texture
develops, and the width of the strip grains decreases,
leading to shallower dimples and tearing edges
in the tensile fracture. In certain regions, a quasi-
cleavage plane emerges due to the accumulation of
dislocations and the formation of subgrains, as shown
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Fig. 11 Tensile fracture morphologies of cryogenically-rolled SF-7055 Al alloy under reductions of 20% (a), 40% (b),

60% (c), and 80% (d)

in Figs. 11(b) and (c). These quasi-cleavage planes
evolve from the expansion of cleavage crack nuclei
at various sites into cleavage facets, ultimately
leading to plastic fracture [46]. At an 80% reduction,
the long tearing edge in the tensile fracture vanishes,
and a substantial area of a quasi-dissociation surface
becomes apparent, as depicted in Fig. 11(d). With
further increase in reduction, the dislocation density
within the grains of the cryogenically-rolled SF-
7055 Al alloy intensifies, resulting in the formation
of numerous subgrain boundaries. During the tensile
process, a significant number of cleavage crack
nuclei appear on these high-energy subgrain
boundary surfaces and expand into small cleavage
planes. These cleavage planes connect and
propagate in conjunction with the primary crack,
ultimately leading to fracture. Therefore, as
reduction increases, the fracture morphology of the
cryogenically-rolled SF-7055 Al alloy gradually
shifts towards a combination of ductile and quasi-
cleavage fracture characteristics.

4 Discussion

To address the issue of edge cracking in room
temperature rolled SF-7055 Al alloy, this study
employs a cryogenic rolling process to achieve
an SF-7055 Al alloy without apparent defects.
Furthermore, the microstructure evolution and
mechanical property enhancement of the SF-7055 Al
alloy wunder different rolling reductions are
investigated. During the deformation process of
cryogenic rolling, the grains of the SF-7055 Al alloy
are continuously elongated, as depicted in Fig. 3. At
a 40% reduction, once the grains are elongated to a
certain extent, they become more susceptible to
shear stress than normal stress, resulting in the
rearrangement of dislocations perpendicular to
the rolling direction [25,26]. This rearrangement
gradually leads to the formation of dislocation walls
and dislocation cells, ultimately resulting in the
emergence of subgrains, as illustrated in Fig. 8(¢c). As
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the reduction further increases to 80%, the original
grain boundaries are completely disrupted, and the
subgrain boundaries formed by dislocations become
the primary constituent of the microstructure. The
grain orientations display a tendency to align along
the (112) direction, as depicted in Fig. 7(e). At this
stage, the grain size of the SF-7055 Al alloy achieves
refinement down to the nanometer scale, evidenced
by the ring-like diffraction pattern exhibited in
Fig. 8(f). The refined nanograins not only enhance
the strength but also contribute to a certain extent
to the ductility of the SF-7055 Al alloy, thereby
mitigating the issue of edge cracking during room
temperature deformation.

Along the grain boundaries, rod-like GBPs of
approximately 40 nm in size are observed to be
intermittently distributed, predominantly composed
of n phase, as shown in Fig. 8(a). During the
cryogenic rolling process, solute atoms tend to
segregate at the grain boundaries, where they
preferentially nucleate to form GBPs. In the Al
matrix, uniformly dispersed MPts exhibit a short
rod-like morphology with a length of approximately
20 nm, consisting mainly of # and #' phases, as
depicted in Fig. 8(b). During the rolling process, the
precipitation sequence commences from SSS,
progressing through coherent Zn, Mg(Cu) clusters or
G.P. zones, to a metastable semi-coherent #’
phase, ultimately stabilizing into an incoherent #
phase [38,39]. The dispersion of fine # and #' phase
particles significantly enhances the strength of the
SF-7055 Al alloy. In the cryogenically-rolled SF-
7055 Al alloy, some Cu-rich precipitates with a size
of approximately 1 um are observed along the grain
boundaries, primarily composed of Al:Cu, AlCu,
AlCus, and Al4Cuy, as shown in Fig. 5(b). These Cu-
rich precipitates are formed through the continuous
migration and accumulation of Cu towards the grain
boundary front, resulting from the precipitation of #’
and # phases [27]. As the reduction increases, these
Cu-rich precipitates undergo fragmentation and
refinement due to large plastic deformation, as
evidenced in Fig. 4.

Concomitantly, the strength and hardness of
cryogenically-rolled SF-7055 Al alloy gradually
increase with an increase in the reduction. In the
solid-solution state, the SF-7055 Al alloy exhibits a
tensile strength of 375.6 MPa, an elongation of
21.7%, and a Vickers hardness of HV 147. After
cryogenic rolling with a reduction of 80%, the tensile

strength peaks at 709.1 MPa, representing an
enhancement of 88.8% compared to that in the solid-
solution state, while the elongation remains above
10%, as shown in Fig. 10. The hardness further
increases by 44.2% to reach HV 212, as depicted in
Fig. 9. These trends in mechanical properties align
closely with the observed changes in microstructure.
Atalower reduction of 40%, the primary strengthening
mechanism is deformation strengthening, driven by
the increase in dislocation density and the emergence
of deformation textures, as evidenced in Figs. 6(e)
and 8(a). However, at a higher reduction of 80%,
the strengthening mechanism shifts to a synergistic
effect combining fine-grain strengthening and
deformation strengthening. This transition is
characterized by the fragmentation of the original
banded grains, leading to the formation of numerous
nanograins within the microstructure, as illustrated
in Fig. 8(e). Additionally, the fragmentation of
coarse Cu-rich precipitates plays a contributory role
in further enhancing the mechanical properties, as
shown in Fig.4. During cryogenic rolling, the
low temperature conditions suppress dislocation
interaction and annihilation, promoting the
formation of subgrains and even nanograins [43].
This improves the stress distribution within the
microstructure, enabling SF-7055 Al alloy to achieve
a commendable combination of strength and
ductility, with minimal compromise in plasticity
despite the significant increase in strength.
Concurrently, the tensile fracture morphology of SF-
7055 Al alloy also undergoes corresponding changes.
As the reduction increases, the ductile dimples
become shallower, the tearing edge increases and
quasi-cleavage planes emerge in certain regions, as
depicted in Figs. 11(b) and (c). This transition in
fracture morphology indicates a gradual shift from
typical ductile fracture to a mixed ductile and quasi-
cleavage fracture characteristic.

5 Conclusions

(1) The cryogenic rolling of SF-7055 Al
alloy leads to significant microstructural changes,
including the elongation of grains, the formation of
subgrains, and the development of a deformation
texture as the reduction increases. Upon achieving a
reduction of 80%, the SF-7055 Al alloy exhibits the
formation of nanograins, and the grains transform
towards the (112) direction. These transformations
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contribute to a continuous increase in hardness,
which peaks at an 80% reduction, attaining a Vickers
hardness of HV 212, due to the synergistic effects of
fine-grain strengthening combined with deformation
strengthening.

(2) The tensile strength of the SF-7055 Al
alloy significantly increases with higher reductions
during cryogenic rolling, while elongation decreases
slightly but remains adequate for practical
applications. Notably, at a reduction of 80%, the
tensile strength attains its peak value of 709.1 MPa,
with elongation still maintaining an impressive
level above 10%. This improvement in mechanical
properties is primarily due to the enhanced
dislocation density and the formation of subgrain
boundaries, which effectively impede dislocation
slip during plastic deformation.

(3) As the degree of reduction in the cryogenic
rolling process increases, the fracture morphology of
the alloy transforms from predominantly ductile with
deep dimples and tearing edges to a hybrid of ductile
and quasi-cleavage characteristics. This transition is
marked by the emergence of quasi-cleavage planes
and the disappearance of long tearing edges at high
reduction levels, indicating changes in fracture
mechanisms due to evolving microstructure and
stress states.
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