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Abstract
This study investigates the influence of a deep
cryogenic treatment-abrasive water jet (DCT-AWJ)
composite surface modification process on the
surface integrity of 7075 aluminum alloy, with
single abrasive water jet (AWJ) treatment
as the control. Surface morphology, phase
composition, residual stress, and microhardness
were characterized by scanning electron microscopy
(SEM), X-ray diffraction (XRD), andmicrohardness
testing. Under AWJ treatment, the surface
roughness increases with jet pressure (0.864,
1.082, and 1.325 µm at 5, 10, and 15 MPa). Under
DCT-AWJ treatment, the roughness decreases with
increasing cryogenic treatment time but increases
with jet pressure, and it is lower than that obtained
by AWJ alone at the same pressure. All samples
exhibit α-Al and η-MgZn2 diffraction peaks, with
α-Al peaks at 2θ = 38.5◦, 44.7◦, 65.1◦, and 78.2◦,
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indicating no significant phase transformation; the
α-Al peaks broaden with increasing jet pressure
and cryogenic duration. Both treatments introduce
compressive residual stress, whose surface and
maximum values increase with jet pressure and,
for DCT-AWJ, with cryogenic duration, reaching
−563MPa and−1165MPa, respectively. The surface
microhardness after AWJ treatment increases with
jet pressure (184.71, 185.78, and 189.41 HV),
whereas DCT-AWJ treatment raises it to 202.87 HV
and deepens the hardened layer to 264.63 µm.
These results indicate that cryogenic pretreatment
enhances the surface integrity of 7075 aluminum
alloy relative to AWJ treatment alone.

Keywords: 7075 aluminum alloy, deep cryogenic
treatment, abrasive water jet, surface roughness, surface
quality, residual stress, microhardness.

1 Introduction
Deep cryogenic treatment, also known as ultra-low
temperature treatment, involves subjecting metallic
materials to extremely low temperatures (typically
around −196 ◦C using liquid nitrogen as the
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cooling medium) [1–4]. This process enhances
the overall properties of metallic materials by
improving their microstructure. As a typical
high-strength Al-Zn-Mg-Cu alloy, 7075 aluminum
alloy exhibits high specific strength and stiffness,
excellent toughness, lightweight properties, good
corrosion resistance, and machinability. Therefore, it
findswidespread application in the aerospace industry,
primarily as a structural material [5, 7, 8]. With
increasing demands for lightweight and integrated
structures, aluminum alloy components are trending
toward larger dimensions, thinner walls, and greater
geometric complexity, and higher requirements for
dimensional accuracy and microstructural uniformity.
However, in the face of increasingly complex service
environments, structural materials still face the risk of
fatigue fracture. Moreover, due to the relatively soft
nature of aluminum alloys, adhesion tends to occur
during machining and joining processes, rendering
the material susceptible to damage, thereby affecting
machining accuracy and surface quality [6, 9–11].
Meanwhile, the low melting point of aluminum
alloys and their strong chemical affinity for tool
materials promotes the formation of built-up edge
and adhesion layers on the tool, which accelerates
tool wear. Deep cryogenic treatment not only
promotes grain refinement in aluminum alloys but also
improves the distribution of second-phase particles,
thereby significantly enhancing their mechanical
properties and machinability [12, 13]. With the
increasing performance demands on aluminum
alloys in engineering applications, research on deep
cryogenic treatment for enhancing aluminum alloy
properties has become particularly important.

Numerous experts and scholars have conducted
studies on the effects of deep cryogenic treatment
on the mechanical properties and microstructural
evolution mechanisms of metallic materials. Through
experimental investigations and theoretical analyses,
they have revealed the underlying mechanisms by
which deep cryogenic treatment influences grain
refinement, phase transformation behavior, and
dislocation movement in metals [14–18]. Dong et
al. [14] investigated the effects of deep cryogenic
treatment on the microstructure, precipitates, and
mechanical behavior of extruded Mg-2Nd-4Zn alloy.
The results showed that deep cryogenic treatment
promoted grain refinement and the precipitation of
second-phase particles, while significantly enhancing
the ductility of the alloy. Abbasi-Baharanchi et
al. [15] studied the effects of severe plastic deformation

at cryogenic temperatures on the microstructure,
mechanical, and tribological properties of 6061
aluminum alloy. The samples subjected to cryogenic
deformation followed by aging exhibited significantly
enhanced tensile strength, hardness, and wear
resistance. This improvement was attributed to
the formation of nanoscale β′ and β′′ precipitates,
facilitated by high dislocation density and rapid
atomic diffusion along dislocations. Yang et al. [16]
proposed a novel aging process combining deep
cryogenic treatment and ultrasonic vibration. By
comparing untreated samples, cryogenically treated
samples, and those subjected to deep cryogenic
treatment plus ultrasonic vibration, they systematically
revealed the microstructure, mechanical properties,
stress relaxation mechanisms, and strengthening
mechanisms of HR-2 austenitic stainless steel. The
results showed that the samples treated with both
deep cryogenic treatment and ultrasonic vibration
exhibited the highest hardness (98.3 HRB), along with
a favorable combination of high strength (423.46 MPa)
and high elongation (46.51%). After deep cryogenic
treatment and ultrasonic vibration, both surface and
internal residual stresses were effectively relieved.
Compared with the untreated condition, the surface
residual stress and internal residual stress of the
samples decreased by 52% and 84%, respectively,
following the combined treatment.

Studies have found [19–21] that failure modes such as
plastic deformation, cracking, and fracture typically
originate at the surface of components and tend
to propagate in areas with poor surface quality.
Although deep cryogenic treatment improves the
internal microstructure of materials and reduces the
occurrence of internal defects, structural materials may
still suffer from deformation, cracking, and fracture
under more complex and harsh service conditions.
Therefore, applying surface modification techniques to
the specimens becomes particularly important. Yang et
al. [22] investigated the high-cycle and very-high-cycle
fatigue behavior of laser shock peened (LSP) regions
on titanium alloy blades. The plastic deformation and
residual compressive stress induced by LSP exhibited
a gradient distribution along the depth direction.
Deformation twinning increased the proportion of
high-angle grain boundaries (HAGBs, > 15◦), with
such boundaries introduced into the primary α phase
during the plastic deformation process. Laser shock
peening enhances material performance by inducing
plastic deformation and residual stresses through the
application of high-energy-density laser pulses on the
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material surface. However, if the laser pulse energy
is too high or the exposure time is excessive, such
conditions can cause surface overheating, leading to
grain growth, uneven residual stress distribution, or
structural changes in the material. Due to its low
cost, environmental friendliness, and high accessibility
for components with complex geometries, water jet
surface modification technology has been widely
applied. Zhang et al. [23] studied the effect of water
jet peening on the surface fatigue performance of
pre-textured Inconel 718 alloy. Based on ABAQUS and
Fe-safe, they established a finite element simulation
model to analyze residual stress and surface roughness.
The study showed that water jet peening induced
a significant amount of residual compressive stress
on the sample surface and markedly improved its
fatigue performance. High-density water jet (WJ-Hd)
produced the highest level of residual compressive
stress, followed by low-density water jet (WJ-Ld) and
standard water jet (WJ), with WJ-Hd generating more
than twice the stress level of WJ and nearly 40% higher
than that of WJ-Ld. Surface roughness increased with
jet velocity, and its impact on the central and edge
regions of the sample depended on the type of water
jet used. In fatigue tests, the performance ranking
from highest to lowest was WJ-Hd, WJ-Ld, WJ, and
untreated samples.

Under cryogenic conditions, aluminum alloys exhibit
simultaneous improvements in both strength and
ductility, resulting in an anomalous dual enhancement
effect characterized by increased plasticity and
hardening. Research on water jet surface modification
has primarily focused on the characterization of
microstructural evolution and surface integrity.
However, there are few reports on the microstructural
evolution mechanisms, types of precipitates, and
surface integrity of 7075 aluminum alloy after
combined deep cryogenic treatment and abrasive
water jet surface modification. This study investigates
the surface integrity of 7075 aluminum alloy subjected
to deep cryogenic treatment-abrasive water jet
(DCT-AWJ) composite surface modification, based on
experimental research.

2 Experimental Materials and Methods
2.1 Materials and Preparation
The specimen material used in this study is 7075
aluminum alloywith dimensions of 100mm× 100mm
× 10 mm. An SX2-4-10 box-type resistance furnace
was employed for the heat treatment process, followed
by deep cryogenic treatment in a liquid nitrogen

environment at −196 ◦C. The specific procedure is as
follows: the samplewas first heatedwith the furnace to
475 ◦C and held for 1 h, then water-quenched to room
temperature. Subsequently, it was reheated with the
furnace to 140 ◦C, held for 12 h, and air-cooled to room
temperature. After completing the heat treatment, the
7075 aluminum alloy samples were placed in a liquid
nitrogen environment at −196 ◦C for holding times of
72, 120, and 168 h, respectively, and then returned to
room temperature in air. The heat treatment process
is illustrated in Figure 1.

Figure 1. Heat treatment process of 7075 aluminum alloy.

Figure 2. Chemical composition of 7075 aluminum alloy
(mass fraction, %).

Energy-dispersive spectroscopy (EDS) was used
to perform elemental quantitative analysis on the
heat-treated 7075 specimens, as shown in Figure 2.

2.2 Experimental Plan
The heat-treated 7075 aluminum alloy specimens
were subjected to abrasive water jet (AWJ) surface
modification using a self-developed CNC water jet
machine. The equipment mainly consists of a
high-pressure pump, a CNC control panel, a nozzle,
and a three-axis sliding table, as shown in Figure 3.
The AWJ experimental procedure was as follows: the
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Figure 3. Deep cryogenic treatment experiment and abrasive water jet experiment.

specimen was first fixed using a fixture, ensuring
that the water jet nozzle was perpendicular to the
sample surface. Silicon carbide (SiC) particles
of approximately 120 mesh were selected as the
abrasive media. Based on previous research [24] and
considering the high deformability of aluminumalloys,
the jet pressures were set at 5 MPa, 10 MPa, and
15 MPa in order to prevent severe erosion of the 7075
aluminum alloy during the AWJ process. The standoff
distance was maintained at 10 mm, the nozzle traverse
speed was set at 600 mm/min, and the nozzle pass
spacing was set at 0.5 mm. The detailed experimental
parameters are presented in Table 1.

2.3 Characterization
An S-3400N scanning electron microscope
(SEM) equipped with an energy-dispersive X-ray
spectroscopy (EDS) module was used to observe the
surface micro-morphology and elemental distribution
of the specimens after deep cryogenic treatment
(DCT), abrasive water jet (AWJ) treatment, and the
combined DCT-AWJ surface modification.

A surface roughness tester (Model: SJ-210, Mitutoyo

Table 1. Experimental plan.

Number AWJ/MPa DCT-AWJ
DCT/h AWJ/MPa

AWJ-#1 5 – –
AWJ-#2 10 – –
AWJ-#3 15 – –

DCT-AWJ-#1 – 72
10DCT-AWJ-#2 – 120

DCT-AWJ-#3 – 168
DCT-AWJ-#4 –

120
5

DCT-AWJ-#5 – 10
DCT-AWJ-#6 – 15

Precision Instruments (Shanghai) Co., Ltd., Shanghai,
China) was used to measure the surface roughness of
7075 aluminum alloy specimens after different surface
modification treatments. For each sample, five random
locations were selected within the strengthened area
for testing, with a measuring length of 10 mm. The
average value of these measurements was taken as
the surface roughness (Ra) of the specimens after
each surface modification. (Note: for the AWJ-treated
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samples, the measurement direction was aligned with
the feed direction of the jet path.)

An X-ray diffractometer (Model: XRD-7000S/L,
Shimadzu Corporation, Kyoto, Japan) was used
to perform phase analysis on 7075 aluminum
alloy specimens after different surface modification
treatments. The diffraction peaks of the various
phases were analyzed by importing the measured
data into Jade 6.0 software for processing. During the
measurement, the 2θ scanning range was set from 20◦

to 90◦, with a scanning speed of 5◦/min.

A microhardness tester (Model: SHSiWI, Shanghai
Siwei Instrument Manufacturing Co., Ltd., Shanghai,
China) was used to measure the work hardening
of 7075 aluminum alloy after surface modification.
The specimen was placed stably on a rigid support,
ensuring that the indenter axis was perpendicular to
the surface of the specimen. The indenter was then
pressed into the surface, and average microhardness
measurements were taken at 20 µm intervals in the
direction perpendicular to the machined surface. The
measurements continued until the hardness converged
to a stable value, representing the hardness of the
material unaffected by work hardening.

Residual stress on the surface of 7075 aluminum
alloy was measured using the X-ray diffraction (XRD)
method, which determines stress by analyzing the
diffraction angle shift caused by changes in interplanar
spacing under stress. The measurements were
conducted at a working voltage of 30 kV and a
current of 8 mA, with the {311} crystallographic plane
selected for analysis. The standard sin2 ψ method
was employed for residual stress determination. The
ψ angle range was set from 0◦ to ±45◦, with 5◦

increments, resulting in 9 ψ angles used for curve
fitting. An incident beam spot with a diameter of 1mm
was used, and the layer removalmethodwas employed
to gradually strip the material surface for gradient
testing. This approach enabled the acquisition of the
residual stress distribution along the depth direction.
Each measurement point was tested three times, and
the average value was taken to improve the accuracy
and repeatability of the results.

3 Results
3.1 Surface Roughness and Surface Quality
Surface roughness is one of the key parameters
for evaluating surface integrity. It directly affects
the mechanical properties, fatigue performance, and
corrosion resistance of materials. High surface

roughness can lead to issues such as fatigue crack
initiation and propagation. Therefore, optimizing
surface roughness contributes to improving the overall
performance of the specimen and extending its
service life [25–28]. Figure 4 shows the surface
morphology and surface roughness of 7075 aluminum
alloy specimens under different process parameters.
As shown in Figures 4(a)-(c), under AWJ surface
modification conditions, the surface roughness of 7075
aluminum alloy increases with jet pressure, measuring
0.864 µm, 1.082 µm, and 1.325 µm, respectively.
This indicates that surface roughness is positively
correlated with jet pressure under AWJ treatment.
At a jet pressure of 5 MPa, the specimen surface
appears relatively smooth. However, as the pressure
increases, the surface exhibits intensified features
such as pits, grooves, and plastic deformation, along
with significant debris adhesion. This is attributed
to the fact that higher jet pressure imparts greater
initial velocity to the abrasive particles, significantly
increasing the kinetic energy upon impact with the
alloy surface, thus resulting inmore intense impact and
shearing effects. At lower jet pressures, the abrasive
particles primarily cause mild erosion and localized
plastic deformation, resulting in only minor changes
in surface roughness. However, as the jet pressure
increases to 10 MPa, the impact effect becomes more
pronounced, leading to micro-scale damage such as
debris detachment and the formation of small pits on
the surface, thereby causing a noticeable increase in
surface roughness. When the jet pressure is further
raised to 15MPa, the particle impacts not only intensify
plastic deformation but also induce severe damage
such as microcracks and delamination, resulting in
further roughening of the surface morphology.

As observed in Figures 4(d)-(i), under DCT-AWJ
composite surface modification conditions, the
surface roughness of 7075 aluminum alloy exhibits a
decreasing trend with increasing cryogenic treatment
duration. Specifically, the surface roughness values
for specimens DCT-AWJ-#1 to #3 are 0.981 µm,
0.822 µm, and 0.792 µm, respectively. With the
increase in jet pressure, the surface roughness
of 7075 aluminum alloy exhibits an increasing
trend. The surface roughness values for specimens
DCT-AWJ-#4 to #6 are 0.739 µm, 0.822 µm, and
1.211 µm, respectively. Compared with specimens
treated with AWJ alone at the same jet pressure,
the surface roughness of 7075 aluminum alloy
after DCT-AWJ composite surface modification
(120 h) is reduced by 14.5%, 24.0%, and 8.6% at 5,
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Figure 4. Surface morphology and surface roughness of 7075 aluminum alloy under different process parameters: (a)-(c)
AWJ-#1 to #3; (d)-(f) DCT-AWJ-#1 to #3; (g)-(i) DCT-AWJ-#4 to #6.

10, and 15 MPa, respectively. This improvement is
attributed to the effects of deep cryogenic treatment,
which further relieves internal residual stresses,
stabilizes microstructural defects, and promotes
the precipitation and refinement of strengthening
phases [29]. In particular, for 7075 aluminum alloy,
DCT facilitates the more uniform and dispersed
precipitation of the η′ strengthening phase (the
metastable precursor of η-MgZn2), thereby enhancing

grain boundary strength and dislocation pinning
capacity, as the interaction between honeycomb
dislocation networks and dispersed secondary phases
has been demonstrated to be a key mechanism
for achieving stable and homogeneous mechanical
performance in high-strength aluminum alloys [30].
As a result, the overall mechanical performance of
the material becomes more stable and homogeneous.
This microstructural optimization effect enhances
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the surface layer’s resistance to impact-induced
deformation to a certain extent, thereby reducing
severe erosion and plastic flow during the AWJ impact
process, which leads to a noticeable decrease in surface
roughness. In contrast, 7075 aluminum alloy without
DCT treatment is more prone to localized plastic
concentration during AWJ processing, resulting in the
formation of microcracks, erosion pits, and grooves,
which significantly increase surface roughness. After
undergoing deep cryogenic treatment, the increased
dislocation density and more uniform distribution of
precipitates enhance the material’s ability to withstand
impact loads. As a result, the impact stress can be
distributed across a wider grain region, suppressing
localized damage and the unstable evolution of
surface microstructures.

3.2 XRD Analysis
X-ray diffraction (XRD) is an essential technique for
investigating the crystal structure and microstructural
evolution behavior of metallic materials. By analyzing
changes in the intensity, position, and full width at
half maximum (FWHM) of diffraction peaks, it is
possible to effectively identify the crystal structure,
phase composition, texture characteristics, and strain
state of the material. Figure 5 presents the XRD
analysis of 7075 aluminum alloy under different
process parameters. As shown in Figure 5, both
AWJ- and DCT-AWJ-treated 7075 aluminum alloys
exhibit prominent diffraction peaks corresponding
to the α-Al matrix and the η-MgZn2 phase. The
diffraction peaks of the α-Al matrix are primarily
located near 2θ = 38.5◦, 44.7◦, 65.1◦, and 78.2◦,
corresponding to the (111), (200), (220), and (311)
planes, respectively, indicating that the main phase
composition of the 7075 aluminum alloy remains
stable, with no significant phase transformation
observed. As shown in Figure 5(a), with the increase
in jet pressure from 5 MPa to 15 MPa, the diffraction
peaks ofα-Al gradually broaden and the peak intensity
slightly decreases. This suggests that the high-pressure
jet impact leads to further grain refinement and the
accumulation of dislocation density and microstrain.
At higher jet pressures, abrasive water jet peening
releases stronger impact kinetic energy, inducing
intense plastic deformation on thematerial surface and
generating a high density of dislocations and sub-grain
structures [31]. As a result, the integrity of the crystal
structure deteriorates, leading to the broadening and
weakening of the XRD diffraction peaks.

Furthermore, as shown in Figures 5(b) and 5(c),

under DCT-AWJ composite treatment conditions,
the diffraction peaks of α-Al also exhibit a gradual
broadening trend with increasing cryogenic treatment
time and jet pressure. This phenomenon indicates
that DCT plays a significant role in regulating the
microstructure. Cryogenic treatment promotes
the dispersed precipitation of strengthening
phases, relieves residual stresses, and facilitates
the accumulation of microstrain [32], thereby
providing a more stable and uniform structural
foundation for subsequent AWJ impact strengthening.
As a result, the grains become further refined and the
defect structures becomemore abundant, leading to an
increase in diffraction peak width, which reflects the
synergistic evolution of microstructural stabilization
and strengthening.

3.3 Residual Stress Analysis
Residual stress is one of the key indicators for
evaluating the effectiveness of surface modification
and the service performance of metallic materials.
It refers to the self-equilibrated stress state that
remains within the material after the removal
of external loads [32, 35]. Surface modification
processes such as machining and peening induce
significant changes in residual stress states through
thermomechanical interactions at the workpiece
surface [33]. Figure 6 shows the residual stress
distribution of 7075 aluminum alloy under different
processing parameters. As illustrated in Figure 6(a),
7075 aluminum alloy treated with AWJ surface
modification primarily exhibits residual compressive
stress. Both the surface residual compressive
stress and the maximum residual compressive stress
increase in magnitude with rising jet pressure.
Specifically, at jet pressures of 5, 10, and 15 MPa,
the surface residual stresses for AWJ-#1 to #3 are
−229, −287, and −360 MPa, respectively, while
the corresponding maximum residual compressive
stresses are −443, −590, and −687 MPa. This trend
is attributed to the plastic deformation induced by
the high-speed impact of abrasive particles during
the AWJ surface modification process. As the jet
pressure increases, the abrasive particles acquire
higher kinetic energy, resulting in significantly greater
impact loads and shear stresses upon striking the
surface of 7075 aluminum alloy, thereby promoting
more intense plastic deformation in the surface
layer of the material [36–38]. This inhomogeneous
deformation introduces a large number of dislocations,
twin boundaries, and lattice distortions into the
surface material, thereby forming a high-density

7



Journal of Materials Durability and Engineering

Figure 5. XRD patterns of 7075 aluminum alloy under different processing parameters: (a) different jet pressures under
AWJ surface modification; (b) different cryogenic treatment durations under DCT-AWJ composite surface modification;

(c) different jet pressures under DCT-AWJ composite surface modification.

Figure 6. Residual stress distribution of 7075 aluminum alloy under different process parameters: (a) AWJ surface
modification; (b) DCT-AWJ composite surface modification.

microstructural defect network. After the removal of the impact load, these microstructures undergo
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redistribution to achieve mechanical equilibrium,
thereby forming a stable residual compressive stress
field on the surface and subsurface of the material [39,
40]. The increased impact intensity induced by
high-pressure jets also promotes deeper penetration
of the stress-affected zone into the material, enhancing
the maximum compressive stress and extending its
distribution depth.

As shown in Figure 6(b), during the DCT-AWJ
composite surface modification process, both
the surface residual compressive stress and the
maximum residual compressive stress of 7075
aluminum alloy exhibit an increasing trend with
longer cryogenic treatment durations and higher jet
pressures. Specifically, for specimens DCT-AWJ-#1
to #6, the surface residual stresses are −291 MPa,
−363 MPa, −502 MPa, −327 MPa, −394 MPa, and
−563 MPa, respectively, while the corresponding
maximum residual compressive stresses are−588MPa,
−816 MPa, −1027 MPa, −678 MPa, −859 MPa, and
−1165 MPa. This is because the DCT process can
induce the release of internal residual stresses in 7075
aluminum alloy, stabilize dislocation structures, and
promote the refinement and uniform distribution
of strengthening phases (η phases) [34]. Cryogenic
treatment effectively enhances lattice distortion
and hardening capacity, making the material
more susceptible to intense and uniform plastic
deformation during subsequent AWJ impact. As
a result, higher-magnitude residual compressive
stresses can be retained after unloading [41, 42].
Especially under prolonged cryogenic treatment, the
alloy microstructure tends to become more stable,
and its plastic response is enhanced, enabling the
material to more effectively absorb and store external
impact energy, which provides the foundation
for the generation of higher residual compressive
stresses [43]. As the AWJ surface modification process
proceeds, it further activates dislocation sources,
intensifies lattice slip, and promotes the accumulation
of deformation zones, thereby increasing both the
peak value and penetration depth of the residual
compressive stress. Under the combined effects
of cryogenic microstructural strengthening and
high-pressure impact, a deeper and higher-magnitude
compressive stress layer is formed on the surface
of 7075 aluminum alloy, significantly improving its
surface stress state.

3.4 Microhardness Analysis
Figure 7 presents the microhardness of 7075
aluminum alloy specimens under different processing
parameters. As shown in the figure, the surface
microhardness of the alloy after AWJ surface
modification exhibits a positive correlation with jet
pressure. Specifically, the microhardness values for
specimens AWJ-#1 to #3 are 184.71 HV, 185.78 HV,
and 189.41 HV, respectively. This indicates that
the surface microhardness of 7075 aluminum alloy
increases with rising jet pressure. Additionally, the
corresponding surface hardened layer depths under
different jet pressures are 147.13 µm, 179.48 µm,
and 208.07 µm for AWJ-#1, AWJ-#2, and AWJ-#3,
respectively. This is because, during the AWJ process,
abrasive particles are propelled at high speed by
high-pressure jets, constituting a typical impact-based
surface modification process. As jet pressure increases,
the kinetic energy of the abrasive particles rises
significantly, leading to higher impact energy and
intensity. These high-energy impacts induce severe
plastic deformation in the surface layer of the metal,
causing a substantial increase in dislocation density.
During deformation, dislocations continuously
entangle and interact, eventually forming high-density
dislocation structures such as dislocation cells and
sub-grain structures, which is manifested as an
increase in surface microhardness [44–46]. Therefore,
the stronger strain hardening effect generated under
higher jet pressure conditions leads to the observed
increasing trend in specimen microhardness.

Figure 7. Microhardness-depth profiles of 7075 aluminum
alloy under different process parameters.

As further observed in Figure 7, under DCT-AWJ
composite surface modification conditions, both
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the surface microhardness and the hardened layer
depth of 7075 aluminum alloy increase with longer
cryogenic treatment durations and higher jet pressures.
Specifically, the surface microhardness values for
specimens DCT-AWJ-#1 to #6 are 193.77 HV, 197.06 HV,
200.62 HV, 195.66 HV, 198.91 HV, and 202.87 HV,
respectively. The corresponding hardened layer
depths are 230.02 µm, 247.82 µm, 257.23 µm,
239.42 µm, 251.08 µm, and 264.63 µm. Compared with
AWJ treatment alone, DCT-AWJ composite surface
modification enhances both the surface microhardness
and the depth of the hardened layer of 7075 aluminum
alloy. Through prolonged exposure to extremely low
temperatures, deep cryogenic treatment effectively
promotes the precipitation of strengthening phases
and the homogenization of the microstructure in
7075 aluminum alloy. During this process, the
η′ strengthening phase precipitates in a dispersed
manner, with further refinement in particle size,
which enhances interfacial strength and suppresses
dislocation motion, resulting in a denser and more
stable matrix structure [47, 48]. As a result, when
the surface of 7075 aluminum alloy is subjected to
high-energy impacts from abrasive particles, it is less
prone to severe local yielding or fracture. Instead,
the material stores deformation energy through the
formation of high dislocation densities and uniform
plastic deformation, thereby achieving a greater
degree of strain hardening and improving its surface
microhardness.

4 Conclusion
In this study, 7075 aluminum alloy was strengthened
using both single abrasive water jet (AWJ) and
composite deep cryogenic treatment-abrasive water
jet (DCT-AWJ) surface modification processes. A
comparative investigation was conducted to explore
the evolution of surface integrity under different
strengthening treatments. The main conclusions are
as follows:

(1) Under AWJ surface modification, the surface
roughness of 7075 aluminum alloy increases
with rising jet pressure, with the Ra value
increasing from 0.864 µm to 1.325 µm. In contrast,
under DCT-AWJ composite treatment, the surface
roughness of 7075 aluminum alloy decreases
with increasing cryogenic treatment time and
increases with higher jet pressure. The lowest
surface roughness (0.739 µm) was observed in
specimen DCT-AWJ-#4, which was reduced by
14.5% compared with the AWJ-treated sample at

the same jet pressure.

(2) Both AWJ- and DCT-AWJ-treated 7075 aluminum
alloy samples exhibit distinct diffraction peaks
corresponding to the α-Al matrix phase and
the η-MgZn2 precipitate phase, with the main
peak positions concentrated at 2θ = 38.5◦, 44.7◦,
65.1◦, and 78.2◦. As jet pressure and cryogenic
treatment time increase, the α-Al diffraction peaks
gradually broaden and the peak intensity slightly
decreases, suggesting further grain refinement,
increased dislocation density, and accumulation
of microstrain.

(3) Under AWJ treatment, stable residual compressive
stress is generated on the surface of 7075
aluminum alloy, with the surface residual
compressive stress increasing in magnitude from
−229 MPa to −360 MPa and the maximum
residual compressive stress from −443 MPa to
−687 MPa as jet pressure increases. In the case of
DCT-AWJ composite treatment, the residual stress
level is further enhanced, with the highest surface
residual compressive stress reaching −563 MPa
and the maximum value reaching −1165 MPa.
Cryogenic treatment promotes lattice distortion
and the precipitation of strengthening phases,
thereby enhancing the material’s ability to absorb
impact loads and inducing a deeper and stronger
residual compressive stress layer.

(4) Under AWJ treatment, the surface microhardness
of 7075 aluminum alloy increases with rising jet
pressure, with values of 184.71 HV, 185.78 HV, and
189.41 HV, respectively. The DCT-AWJ composite
treatment further enhances the hardening effect,
increasing the microhardness to 202.87 HV and
the hardened layer depth to 264.63 µm. Cryogenic
treatment promotes the dispersed precipitation of
strengthening phases, hinders dislocation motion,
and significantly strengthens grain boundaries,
thereby achieving a greater degree of strain
hardening.
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