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A nanocrystalline surface layer of Al alloy induced by the Esonix Ultrasonic Impact Treatment process was
studied by advanced electron microscopes. The results revealed that the process can effectively refine the
surface coarse grains into equiaxed nanocrystalline grains (grain size: 8.0-10.0 nm) and elongated micro-
bands (15-20 nm wide). The surface affected zone was measured to be approximately 10 µm. The micro-
structural features include nanograins, microbands, high-density dislocation, and twining structure.
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1. Introduction

The physical properties of a metal are strongly influenced
by its grain size. On the basis of experimental results obtained
in microcrystalline (mc) metals with grain size typically above
1 �m, it is widely recognized that an increase in grain size
generally results in a reduction in the fatigue endurance limit.
Recent research has indicated that grain refinement to an ul-
trafine crystalline (ufc) state (grain size typical in the 100 nm
to 1 �m region) and nanocrystalline state (nc; grain size typi-
cally less than 100 nm) can have a substantial effect on the total
life under stress-controlled fatigue and on fatigue crack growth
(Ref 1).

Various deformation technologies have been introduced to
produce fine grain structuring and thus achieving superior ma-
terial properties without changing the chemical composition,
ranging from conventional thermomechanical processing (Ref
2, 3) to severe plastic deformation (SPD) technologies (Ref
4-10).

The conventional thermomechanical processes include dis-
continuous recrystallization and continuous recrystallization
processes. Using thermomechanical processes, the smallest
grain size in aluminum is typically achieved by deformation to
larger strains of alloys containing second phase particles larger
than 1 �m, and subsequent annealing to stimulate recrystalli-
zation (Ref 11). The commercial Rockwell process, which pro-
duces ∼10 �m grain in aluminum alloys for superplastic ap-
plications, is based on such a principle (Ref 12). However, the
production of micron-grained alloys by conventional thermo-

mechanical processing technologies is limited by the achiev-
able strains (up to 3-4).

SPD processing is a very effective method for deforming
metals using very high plastic strains with the aim of producing
submicron-grained material at a relatively low cost (Ref 13).
The more accessible techniques include Equal Channel Angu-
lar Extrusion (ECAE) (Ref 8, 9), accumulative roll bonding
(ARB) (Ref 4), torsion under hydrostatic pressure (THP) (Ref
5), multipass-coinforge (Ref 6), and repetitive corrugation and
strengthening (Ref 7). Markushev et al. (Ref 10) treated the
Russian alloy 1420 (Al-Mg-Li-Zr) with several SPD methods
and compared the microstructure and mechanical behavior of
the materials. The results showed that complex ufc structures
with grain size 0.7-1.2 �m can be obtained by the equal-
channel angular pressing (ECAP) process; ufc fragment struc-
ture with grain size 0.2 �m can be achieved by the THP pro-
cess; ufc with grain size 1.6 �m can be reached by the MSF
process. In other works, it has been reported that with total
strains of up to eight by ARB applied to Al alloys, a submicron
grain size can be achieved (Ref 4). THP, which introduces
strains of the order of seven, can produce grain size as fine as
0.2 �m (Ref 5). ECAE in Al alloys has brought average high
angle boundary spacing <1 �m in all dimensions and fraction
of high angle boundary area of 70-80% by high strain order of
more than seven (Ref 14) and obtained ufc structure with a
grain size of about 100 nm (Ref 15). The work of Prangnell et
al. (Ref 14) indicated that submicron grain structure can be
produced by SPD at temperatures of <0.4 Tm, but nanocrystal-
line structure can only be achieved below 0.2 Tm without frac-
ture. The above works demonstrate that SPD technologies pro-
vide a wide range of grain size refinement from mc to ufc. It
has been proven that ultrafine grain materials exhibited high
yield strength, low strain hardening, and specific fatigue be-
havior that show changes in the Bauschinger energy parameter
�E with respect to the cumulative plastic strain (Ref 15). How-
ever, most of the SPD techniques are difficult to transfer into
industrial scale application because of their high cost and slow
production rate.

It is well known that component failure caused by fatigue,
corrosion, or other forms of operational duty capable of intro-
ducing stress concentrators normally initiate on the surface.
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Hence, optimization of the surface structure and properties may
effectively improve the global behavior of the material. A num-
ber of SPD based processes for surface nanocrystallization,
namely Esonix ultrasonic impact treatment (EUIT) (Ref 16),
ultrasonic shot peeping (USSP) (Ref 17-19), and surface me-
chanical attrition treatment (SMAT) (Ref 20) have been com-
mercially introduced in the recent decades and have attracted
significant scientific interest because of their simplicity and
low cost. The surface nanocrystallization of pure Fe and 316L
stainless steel induced by USSP was reported in Ref 17 and 18
to produce a surface layer of an approximate thickness of 30
�m in which the grain size gradually changes from about 10
nm at the top surface layer to more than 100 nm at the end of
the layer (Ref 17, 18). Similar, findings have been reported in
the case of an aluminum alloy treated by USSP (Ref 19).

The EUIT is a technique that directly deforms the surface of
materials using ultrasonic impacts (Ref 21). This technique
fundamentally differs from contact methods of ultrasonic de-
formation treatment, the development of which dates back to
the 1950s (Ref 22). The EUIT process is employing continuous
ultrasonic vibrations at the ultrasonic transducer output end
strengthened with hard materials (carbide-containing alloys,
artificial diamonds, etc.) and being in direct and generally con-
tinuous contact with the treated surface. As a result, a relatively
thin surface layer of the treated material is plastically de-
formed, producing modifications of the surface microstructure
(fine grain size) and redistribution of residual stresses in this
layer, which was wider confirmed to efficiently improve the
fatigue property of the materials. However, the USSP has small
penetration depth due to the rigid connection of the tool with
the treated surface and requires relatively high pressing force.
The above limits the areas of application of this method in
industry.

The EUIT method, which is based on converting ultrasonic
oscillations of the transducer into controlled impulses of ultra-
sonic impacts, has radically changed the situation (Ref 23-28).
It provides an opportunity to achieve a specified depth regard-
less of the pressing force with a uniform quality of treatment of
irregular surfaces of virtually any complexity, including, for
example, welds. The main distinctive feature of EUIT when
compared with well-known peening methods, including USSP,
is that the impact parameters are controlled according to the
engineering task to affect the surface, material, and its struc-
ture. The EUIT technology holds an advantage over other
known techniques of improving fatigue resistance of welded
structures, including surface plastic deformation methods (Ref
29).

Most of the investigations on EUIT technology have been
focused on the mechanical properties of the EUIT materials,
especially in terms of fatigue strength (Ref 26-29). However, a
detailed description of surface microstructure of an aluminum
alloy induced by the EUIT process has not been described in
open publications. In the present work, the effects from the
EUIT on the popular 2024-T351 aluminum alloy are investi-
gated using scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM). The aim of the work is to
provide an understanding of the microstructure and refinement
mechanisms associated with the formation of nanocrystalline
(nc) microstructure of the materials.

2. Experimental Procedures

2.1 Material

The material used in this work was rolled 2024-T351 Al
alloy plate provided by Airbus UK and manufactured by Alcoa.
The material has a chemical composition, as shown in Table 1.
The mechanical properties of the material perpendicular to the
rolling direction long transverse (LT) have been obtained ac-
cording to ASTM E8m-94a and are shown in Table 2.

2.2 EUIT Parameters

Two different UIT parameters have been selected for the
investigation and are shown in Table 3.

The experimental setup is shown in Fig. 1.

2.3 Microstructural Characterization

The average grain size of the specimens was studied in
plane view by SEM, Phillips XL 40, operating at 20 KV
equipped with an energy dispersive spectrometer (EDS). The
etched surface of the sample was prepared by sputtering ero-
sion (using argon ion) of the surface using glow discharge
optical emission spectrometer (GDOES), LECO GDS-750

Table 2 Basic mechanical properties of 2024-T351
according to ASTM E8m-94a

Mechanical properties Mean
99%
conf.

Standard
deviation

Standard
error

0.2% Yield strength, MPa 347.4 5.1 4.5 1.5
Tensile strength, MPa 484.6 2.6 2.3 0.7
Elongation, % 15.0 0.2 0.2 0.07
Fracture toughness—plane stress,

MPa m1/2, for thickness 1.6 mm 135.5 8.7 3.0 1.5
Strain energy density, MJ/m3 70.5 0.6 0.5 0.2

Table 3 EUIT process parameters

EUIT process parameter

EUIT-ID

EUIT-1 EUIT-2

Carrier frequency, kHz 36 36
Pin dimension, mm � 5.0× 17, R25 � 5.0× 17, R25
Normalized impact 64 impulses 64 impulses
Amplitude under load, �m 18 15
Pressure, kg 3 3
Impact frequency, Hz 260 220
Feed rate, mm/min 400 1000

Table 1 Chemical composition of 2024-T351 (wt.%)

Alloy Si Fe Cu Mn Mg Cr Zn Ti Zr Al

2024-T351 min … … 3.8 0.30 1.2 … … … … Balance
max 0.50 0.50 4.9 0.90 1.8 0.10 0.25 0.15 … Balance
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QDP operating at voltage 600 V, and current 25 mA. The
etched depth was controlled by controlling the sputtered time
ranging from 30 to 700 s. The etched depth of the specimens
was then measured by a laser profilometer, which provided the
depth from the top surface. The cross-sectional specimens were
prepared by conventional metallographic techniques, finishing
with 1 �m diamond paste. The microstructure of the specimen
with the EUIT process was also examined by TEM, CM20,
operating at 200 kV. Cross-sectional thin foil samples were
prepared by mechanical polishing first down to 30-40 �m, and
they were further thinned by the precision ion polishing system
(PIPS), Gatan model 691. During ion beam thinning, an argon
beam eroded the specimen surface from the back toward the
surface edge. The ion beam was angled at approximately 7-6°,
5.5 kV initially, and gradually down to approximately ± 4°, 4.0
kV until a hole appeared on the specimen, which was invari-
able near the surface region.

3. Results

Figure 2 shows a series of compared plane view SEM im-
ages taken from different depths and provide an overview of
the grain size distribution. The specimens have been sputtered
by different sputtering times, which give a fresh etched surface
at different depths from the top surface down to matrix of the
specimen.

The results reveal that the average grain size of the material
after the EUIT process has been greatly refined compared to
the bare metal. The maximum visible affected zone by SEM
observation was approximately 34 �m from the surface. It can
be seen that at a depth of 2.6 �m from the surface, the majority
of grains are significantly refined down to an average grain size
of approximately 4.13 �m after the EUIT process. Herein, it is
important to note that the average grain size of the bare mate-
rial at this depth is approximately 16.52 �m. For larger depths,

the difference in the average grain size between the bare and
the UIT treated gradually decreases. At a depth of 34.5 �m, all
three samples exhibited similar average grain size of approxi-
mately 36-39 �m.

Figure 2 reveals that the resulting grain size is profoundly
affected by the EUIT control parameters. Slower feed rate and
larger amplitude under load (EUIT1) resulted in a smaller av-
erage grain size at the subsurface (Fig. 2b) and larger average
grain size at the top surface (Fig. 2a) when compared to that
obtained from a faster feed rate and a lower amplitude under
load (EUIT2). The feed rate predominantly controls the dis-
posing time of the generated heat, and the amplitude is respon-
sible for the impact strain.

The above results indicate that the average grain size of
materials can be greatly reduced after EUIT treatment. How-
ever, SEM observations provide only limited resolution capa-
bility in identifying subgrain structures. Further study by TEM
revealed a nanocrystalline structure surface layer induced by
the EUIT1 process. Such a typical structure is shown in Fig. 3.
The image was taken from the surface region of the cross
sectional TEM specimen. The average grain size of the
nanocrystalline structure surface layer was determined to be
approximately 8-10 nm. Some grain boundaries are visible, but
many grain boundaries were poorly defined at low magnifica-
tion (Fig. 3a); however, high magnification imaging illustrated
the formation of the equiaxed ultrafine nanograins at this top
surface region (Fig. 3b).

The grain boundaries of the nanograins were well delin-
eated, which exhibited a homogeneous contrast in the TEM
bright filed image. The SAD pattern consisted of well defined
rings, which indicated the generation of the finer highly dis-
orientated grains and nanocrystalline structure. The grain
boundary of a larger grain was also observed at this region
(arrow), which suggested that nanocrystalline structure was
produced as part of numerous subgrains. Figure 4 shows an-
other example of the nanocrystalline structure at the surface. In

Fig. 1 EUIT Process setup in a CNC table
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this region, the grain sizes varied within a certain range, and
deformation twining structure was observed within this region
accompanied with ultrafine grains.

Figure 5(a) demonstrates the presence of parallel lamellar

type microbands of elongated subgrains, as a result of the
straining experienced during the EUIT process. The above im-
age was taken from about 5 mm away from the region shown
in Fig. 3 and shows a mixed nanocrystalline structure and

Fig. 2 Appearance of microstructure and average grain size measurements as a function of sputtering time (depth): (a) sputtering duration 30 s;
depth 1.3 �m; average grain size bare 12.23 �m, EUIT1 7.75 �m, EUIT2 5.62 �m; (b) sputtering duration 80 s; depth 2.6 �m; average grain size
bare 16.52 �m, EUIT1 4.13 �m, EUIT2 7.12 �m; (c) sputtering duration 120 s; depth � 4.8 �m, average grain size bare 16.96 �m, EUIT1 9.71
�m, EUIT2 6.3 �m; (d) sputtering duration 180 s; depth 7.3 �m, average grain size bare 31.01 �m, EUIT1 31.07 �m, EUIT2 23.6 �m; and (e)
sputtering duration 700 s; depth 34.5 �m; average grain size bare 39.16 �m, EUIT1 36.18 �m, EUIT2 23.7 �m
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microbands at the outer surface region (depth at >3 �m from
top surface) where the higher strain is also expected. The mi-
crobands have been measured to be about 10-15 nm wide with
elongation length between 40 and 1200 nm. SAD gives an
undeveloped ring pattern, which suggests the developing grain
refinement process. Similar microband structure was also ob-
served at deeper regions, >7 �m, where the strain is expected
to be lower (Fig. 5b). The microbands were uniform at this
region and found to be 10-15 nm wide and well elongated
following the rolling direction. The SAD pattern (insert Fig.
5b) shows a developing circle with well-defined diffraction
spots, indicating that microbands consisted of low angle mis-
orientations. A twin structure was also observed within the
microbands structure. TEM results indicated that this surface
nanocrystalline structure was more than 10 �m deep from the
surface.

Although the majority of the grains have been refined as a
result of the EUIT process, the existence of coarser grains is
still present (Fig. 2a and b). The above evidence indicates that
ultrafine grain size may not have been formed uniformly within
the alloy. SEM observations (Fig. 6) reveal that EUIT resulted

into the creation of different grain size zones. In the same
figure it is clear there is a connection between the creation of
these zones and the distribution of precipitates in a similar
manner. Considering the geometrical scale difference between
the size of these zones and the diameter of the pin, explanations
should be sought in terms of the role of the precipitates during
the nanocrystallization process.

Examination of the precipitates using EDS identified that
the precipitates were rich in Al, Cu, Fe, Mn, and Si. However,
the density of the precipitates was found to exhibit a minimum
at the surface and near surface of the EUIT samples (Fig. 2 and
6). Such a feature, possibly caused by dissolution-coarsening,
has also been observed to take place closer to the coarser grain
band region and to become more disperse within the finer grain
band. In contrast, precipitate phases can be seen to be more
evenly distributed within the as-rolled sample. It seems that the
EUIT process caused the precipitates to migrate into certain
directions and also brought the localized change in their vol-
ume fraction.

High concentration dislocation zones were also observed at
the surface region of the EUIT1 sample (Fig. 7a and b). The
dislocation cells (DC) were formed at the top surface region
accompanied by a nanocrystalline structure (Fig. 8). The dis-
location cells may well define the limits where individual sub-
grains can form. Figure 9 reveals the high stress distributed
within the grain and disappearance at the grain boundary at a
deep region of the alloy. The fine structure was observed
within the grain, in which the dislocation tangle zone (DTZ)
was observed. The DTZ formed near the boundary and gradu-
ally transformed into dislocation cells within the grain. Figure
10 is the image taken from the deep region of the surface layer,
which clearly shows the twining boundary accompanied by a
high dislocation density region within the grains.

4. Discussion

Microstructural investigation by TEM and SEM have re-
vealed that the EUIT process produces ultrafine grain structure
in the nanocrystalline regimen down to a depth from the top
surface layer of about 6-10 �m. The average grain size exhib-
ited a size increase with distance from the surface due to the

Fig. 3 TEM bright-field image showing the equiaxed nanocrystalline regimen: (a) a low magnification image, (inset) SAD demonstrates a perfect
ring pattern; (b) high magnification of zone 1

Fig. 4 TEM bright-field image of the nanocrystalline region with
various grain sizes accompanied by twining structure
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corresponding decrease in the strain energy. TEM observations
suggested that subgrains and microbands can also be formed.
The subgrains have been measured at sizes between 8 and 10
nm at the top surface region and microbands in the order of
10-15 nm at the subsurface, which is comparable to that at-
tained by USSP (Ref 19) and other SPD (Ref 14). Such a
surface layer of ultrafine grain size explains the feature, origi-
nally named, “white layer structure,” which was reported in a
previous work (Ref 30). The grain structure of the 2024-T3
aluminum alloy after the EUIT process can be classified into
the following: equiaxed ultrafine, nanograin (8-10 nm) struc-
ture at the top surface; equiaxed ultrafine grain structure mixed
with extended microbands (10-15 nm) at a depth of approxi-
mately 3-5 �m; and refined grain on a nanoscale at less than 10
�m.

The EUIT process is accompanied by: ultrasonic impacts,
which induce ultrasonic plastic deformation at the surface ma-
terial; the distribution of ultrasonic stress waves that penetrate
the subsurface material; and quick heating and cooling at the

area of plastic deformations. The generated high strain rates
result in the development of areas of high dislocation density
and twining structure. It was observed the nanocrystalline re-
gion contained much higher dislocation density than the regular
bulk grains (Fig. 9) and a twining structure appeared within the
nanograin region (Fig. 4). The high dislocation density could
be responsible for the production of new grain boundaries.
Such subdivision may take place on a finer scale with the
formation of microbands, and further straining of the newly
formed subgrain could result into nanocrystallization. In addi-
tion, the pin vibration during the ultrasonic impact, with the
surface material synchronously or in-phase and at the carrier
frequency of the transducer, could change the slip path. There-
fore, the dislocations not only interact with other dislocations
in the current active slip systems but also interact with inactive
dislocation generated from previous impacts. Such interaction
will promote the formation of subgrains and further enhances
the effectiveness of the grain refinement.

As mentioned above, the EUIT process is also accompanied

Fig. 5 (a) Mixed nanocrystalline structure and microbands at outer surface layer of the sample after the EUIT-1 process; the microband was well
elongated along the rolling direction. (b) Microbands in the surface region (∼7 �m) in the dimension about 10-15 nm wide and well elongated along
certain direction; the twin structure was observed within the microbands.
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by rapid local heating of the material at the ultrasonic impact
point and quick heat discharge from the same region. There-
fore, it could be suggested that during the EUIT process, a
geometric dynamic recrystallization may occur (Ref 31) in
which larger strains with high angle boundaries are pushed
together and are separated by subgrains. Further, the separation
of the high angle boundaries is equal to the subgrain size; the
rotation of the subgrain may occur gradually until all the dis-
locations are absorbed by the grain boundaries. The high angle
boundaries impinge and a microstructure of small and equiaxed
grains are formed (Fig. 3).

It was also observed that high density dislocation can be

found in one grain and might disappear at the boundary, which
suggests that the ultrasonic plastic strain induced grain bound-
ary migration. Thus, the migrated boundary is free from dis-
location structure. The driving force for strain induced grain
boundary migration is presumed to arise from a difference in
dislocation density on opposite sides of the grain boundary
(Ref 32). Observation of the twin boundaries in this work fur-
ther suggested that EUIT process provided a higher energy
environment for the migrated boundary.

It is most interesting to note that EUIT caused the precipi-
tates to migrate and separate into bands. Comparison with the
“as-rolled/bare” state reveals that the size of the precipitates

Fig. 6 Comparison of the grain size distributed in the samples shows grain size of different grain groups within the UIT samples (image was taken
in sputtered etch sample at 2.6 �m depth from top surface): (a) EUIT1; (b) EUIT2; (c) bare
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after the EUIT exhibits a reduced scale, and their density shows
maxima within the band. The reason behind such a phenom-
enon is not well understood; yet, speculative thinking suggests
that this could be the result of the geometric dynamic recrys-
tallization process in which the high energy and high tempera-
ture may achieve a critical energy and hence cause the preci-
pices to facilitate a dissolution-coarsening mechanism.

TEM observations suggest that the subgrain size gradually
increases from nanostructure (8-10 nm) at the top surface down

to 10-15 nm at a subsurface region, which indicates that the
grain size can change within the impact effect zone from the
top surface down to the matrix due to strain variations. Such
findings acknowledge the fact that the EUIT process param-
eters, such as impact frequency, amplitude under load, and feed

Fig. 7 High density dislocation cell at the surface region

Fig. 8 High density dislocation at top surface region accompanied
with nanocrystalline structure. The area is the same as that in Fig. 2,
but the sample was titled at 10°.

Fig. 9 TEM bright image shows the grain boundary as source of
dislocation, which indicates the high-density dislocation tangle zone
(DTZ) and the DTZ transformed into dislocation cells. The high den-
sity dislocation disappeared at the boundary.
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rate can control the average grain size and microstructure of the
aluminum alloy. Figure 2 demonstrates that the feed rate
mostly controls the surface effects and the amplitude under
load is responsible for the penetration depth. For example, the
most severe plastic deformation caused by the EUIT1 achieved
a finer average grain size compared at a depth of 2.6 �m with
EUIT2. Yet, the higher feed rate (EUIT2) achieved finer grain
size at the surface, indicating the effect of the heating rate.

5. Conclusions

The surface layer microstructure of 2024-T351 Al alloy
induced by the EUIT consists of nanocrystalline structure at the
top surface with an average grain size of about 8-10 nm and
elongated microbands about 10-15 nm wide at the near surface
region. The affected zone was found to be approximately 10
�m accompanied by high density dislocations and twining
structures.

The grain refinement process has been suggested to follow
formation of high dislocation density and twining structure
following further straining, formation of microbands structure,
subdivision of microbands structure into submicron grains, and
further breakdown of the subgrains to be equiaxed.

This work demonstrated that the EUIT process can effec-
tively achieve nanocrystallization of the surface layer for the
metal, which may lead to improvements in the corrosion and
fatigue properties of the materials.
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