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Abstract: Gradient structure metals have good comprehensive properties of strength and toughness
and are expected to improve the dynamic mechanical properties of materials. However, there are few
studies on the dynamic mechanical properties of gradient structured materials, especially titanium
alloys. Therefore, in this study, ultrasonic surface rolling is used to prepare a gradient structure
layer on the surface of Ti-6Al-4V, and the quasi-static and dynamic compressive properties of coarse-
grained Ti-6Al-4V (CG Ti64) and gradient-structured Ti-6Al-4V (GS Ti64) are investigated. The results
show that a GS with a thickness of 293 pm is formed. The quasi-static compressive strength of
GS Ti64 is higher than that of CG Ti64. Both CG Ti64 and GS Ti64 exhibit weak strain hardening
effects and strain rate insensitivity during dynamic compression, and the compressive strength is not
significantly improved. The lateral expansion of CG Ti64 is more obvious, while the lateral side of GS
Ti64 is relatively straight, indicating that uniform deformation occurs in GS Ti64. The o phase in the
GS produces dislocation cells and local deformation bands, and the lamellar structure is transformed
into ultrafine crystals after dynamic compression. Both of them produce an adiabatic shear band
under 2700s71, a large crack forms in CG Ti64, while GS Ti64 forms a small crack, indicating that GS
Ti64 has better resistance to damage. The synergistic deformation of GS and CG promotes Ti-6Al-4V
to obtain good dynamic mechanical properties.

Keywords: Ti-6Al-4V alloy; ultrasonic surface rolling process; gradient structure; dynamic compression

1. Introduction

Ti-6Al-4V alloy is widely used in aviation, aerospace and marine industries due to
its excellent comprehensive mechanical properties [1-4]. During the process of service, it
will inevitably be subjected to impact loads, such as planes hit by birds, aircraft landing
gears subjected to ground impact, and ships hitting rocks. Therefore, in addition to good
quasi-static properties, it is also necessary to have good dynamic bearing capacity to ensure
its integrity and reliability under dynamic load [5,6].

There are many studies on the dynamic mechanical properties of Ti-6Al-4V [7-15]. Hu
et al. [11] studied the effect of strain rate on the mechanical properties of Ti-6Al-4V, and the
results showed that the work hardening rate and flow stress increased with the increase of
strain rate, and the formation of ASB (adiabatic shear band) resulted in the failure of the
material. Lee et al. [12] indicated that the maximum shear stress and failure shear strain
of the bimodal structure is higher than that of the equiaxed structure, and ASB is more
inclined to form in the equiaxed structure. The results of Zheng et al. [13] showed that ASB
is less likely formed in the bimodal structure with the thicker « lamellar in the 3 matrix.

The above research mainly optimizes the dynamic mechanical properties of Ti-6Al-
4V through heat treatment, but the improvement range is limited. Recent studies have
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shown that both high strength and high plasticity can be achieved by designing gradient
nanostructures [16]. Fang et al. [17] processed coarse-grained copper bars by surface
mechanical grinding treatment and obtained a gradient nanostructured copper rod. The
yield strength of the gradient nanostructured copper rod is increased to twice that of the
ordinary copper rod without loss of plasticity. Wu et al. [18] obtained gradient structure IF
steel by surface mechanical grinding. During the tensile deformation process, there is a
significant strain gradient from the surface to the core, which transforms the uniaxial stress
state into a multiaxial stress state, promoting the continuous accumulation and delivery of
dislocations, which in turn produces additional work hardening capacity. Recently, Pan
et al. [19] introduced a gradient dislocation cell structure into Aly ;CoCrFeNi high entropy
alloy using a small-angle reciprocal torsional gradient plastic deformation technique,
while keeping the morphology, size and orientation of the original grain unchanged. The
strength of graded dislocation cell alloys is 2-3 times that of coarse-grained and fine-grained
materials while maintaining good plasticity and stable work hardening.

In conclusion, gradient nanostructured metals have good comprehensive properties of
strength and toughness and are expected to improve the dynamic mechanical properties of
materials. However, there are relatively few studies on the dynamic mechanical properties
of gradient nanostructured materials. Yuan et al. [20] studied the dynamic mechanical
properties of gradient nanostructured pure iron and showed that gradient-grained iron
has obvious work hardening behavior, and the dynamic strain rate sensitivity of gradient-
grained iron is slightly greater than that of coarse-grained iron. Xing et al. [21] indicated
that the dynamic shear deformation behavior of 301 stainless steel with gradient structure
showed that the dynamic yield strength is 2-3 times that of coarse-grained austenite
structure, and the dynamic shear toughness is more than half that of coarse-grained
austenite structure. Bian et al. [22] studied the dynamic shear deformation behavior of
gradient nanostructured TWIP steel. The gradient structure layer delayed the formation of
the shear band on the nanocrystalline surface.

In summary, the gradient structure materials show excellent dynamic mechanical
properties, so the gradient structure is expected to further improve the dynamic mechanical
properties of the Ti-6Al-4V alloy. However, knowledge on the effect of gradient structures
on the dynamic mechanical properties of Ti-6Al-4V alloys is still lacking. Based on this, the
strain hardening behavior and strain rate sensitivity of coarse-grained Ti-6Al-4V (CG Ti64)
and gradient-structured Ti-6Al-4V (GS Ti64) are systematically studied over a wide range
of strain rates under compression, and the corresponding plastic deformation mechanisms
and failure behaviors are also investigated.

2. Materials and Methods

The Ti-6Al-4V alloy used in this work was a hot-forged billet supplied by the North-
west Institute for Nonferrous Metals Research, China. The original microstructure was
a bimodal structure consisting of 35% equiaxed primary « phase (ayp) and 65% (3 trans-
formation microstructure (f3¢). The 3 transus temperature was 970 °C £ 5 °C. Specimens
with the dimensions of 14 mm x 14 mm x 70 mm were cut from the billet by an electrical
spark linear incising machine. The samples were subjected to o« + 3 phase field at 900 °C
for 1 h, followed by air-cooling to room temperature and then processed into a cylindrical
tensile sample with a diameter of 4 mm and a gauge length of 20 mm. An ultrasonic
surface rolling process (USRP) is used to process the gauge section of tensile samples to
obtain gradient-structured Ti-6Al-4V. The USRP equipment and the rolling process refer to
reference [23]. The parameters of USRP were as follows: static force was 900 N, rotation
speed was 180 r/min, axial feeding rate was 0.1 mm/min, vibration amplitude was 7 um,
and repeated roll times was 25. Then, two sizes of cylindrical specimens (4 mm x 6 mm
was for the quasi-static compression samples, and $4 mm x 4 mm was for the dynamic
compression samples) were cut from the tensile samples.

The compressive properties of the materials were tested by an Instron 5985 machine
at room temperature. Before the test, the upper and lower surfaces of the specimen
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were smeared with lubricating oil to minimize test errors caused by surface friction. The
compression strain rate was 1 x 1073 s~1. The compression test was repeated three times to
confirm the validity of the results. The work hardening rate (©) was calculated according
to the equation of ® = dot/der. The true strain (e1) was calculated according to the
equation, et = In(1 + ¢), in which ¢ represents the engineering strain. The true stress
(or) was calculated according to the equation, o1 = o (1 + ¢), in which o represents the
engineering stress.

The split-Hopkinson pressure bar was used to test the dynamic mechanical properties
of the specimens under different high strain rates. At least three samples were tested for
each condition to certify reproducibility. To measure the in-depth hardness, cross-sections
of the samples were polished. The hardness of the gradient structure layer was tested by
an HVS-1000 microhardness tester with a load of 50 gf (0.49 N) and a holding time of 10 s.
Three measurements were taken and the average was calculated as the result.

The gradient structure and microstructure after compression deformation were ob-
served by optical microscope (OM, Zeiss Axio vert Al, Germany) scanning electron mi-
croscope (SEM, JSM-6700F, JEOL, Tokyo, Japan), field emission SEM (GeminiSEM 500,
Zeiss, Oberkochen, Germany) equipped with an electron backscatter diffraction detector
(EBSD, Oxford Symmetry, Oxford, UK), and a transmission electron microscopy (TEM,
FEI Tecnai G2 F30, Hillsboro, OR, USA). The samples for the EBSD test were grounded
with abrasive papers first and then electropolished in a solution consisting of 94 vol.%
glacial acetic acid and 6 vol.% perchloric acid (HCIOy4) at ~60 V for 15 s. The obtained
EBSD data was analyzed by AZtecCrystal 2.0 software (Oxford Instrument, Oxford, UK).
The TEM sample cutting location and preparation process refer to reference [23]. The
schematic diagram of the TEM preparation process is shown in Figure 1. TEM samples
were mechanical grinding down to about 50 pum, and then electropolished in a solution
consisting of 60 vol.% methanol, 35 vol.% butyl alcohol and 5 vol.% perchloric acid at 30 V
and —30 °C by twin-jet electrochemical polisher. TEM experiments were carried out at a
voltage of 200 kV.

A

; wire cutting . flattening o
i i | |- | grind surface

Figure 1. TEM sample preparation process reprinted with permission from Reference [23]. Copyright
2022 Elsevier.

3. Results and Discussion
Gradient Structure Characterization

Figure 2 shows the microstructure of the surface layer of GS Ti64. A circle of obvious
plastic deformation layer is formed on the surface, and the microstructure presents an
obvious gradient distribution. The microstructure near the surface is severely refined and
the primary « phase elongates along the rolling direction. The obvious deformation layer
depth of the Ti-6Al-4V alloy induced by USRP is 126 pm =+ 12 um.
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Figure 2. Cross-section microstructure of GS Ti64.

In order to further analyze the gradient structure, EBSD is used to characterize the
GS Ti64, as shown in Figure 3. It can be seen from the IPF map (Figure 3) that the region
close to the surface shows a black zero resolution area due to severe plastic deformation.
Although only the grains near the surface are significantly refined, the color of the grains
farther away from the surface is changed, indicating that the USRP causes crystal rotation
of the grains farther away from the surface. KAM (kernel average misorientation) value
decreased gradually with the increase of the distance from the surface, presenting a gradient
distribution (Figure 3b). The KAM value near the surface is high and the distribution is
relatively uniform, while the KAM value far away from the surface is unevenly distributed.
Local plastic deformation occurred inside the & phase, and the KAM value near the interface
is higher. The depth of the plastic affected zone caused by USRP is 293 pm =+ 16 um.

Band Contrast g 5 55 Band Contrast
[0...255] 171 12 [0...255] 171

IPF Coloring || Z0 L Kernel Aver. Misorient.
Ti (k)] 5
0001 1210

=)

Grain Boundaries
>15° 100.0%

111

Grain Boundaries
=150 100.0%

Figure 3. EBSD images of the cross-section of GS Ti64: (a) IPF; (b) KAM.

TEM is used to observe the microstructure of GS Ti64 at a distance of about 20 um
from the top surface. Figure 4a shows the formation of some lamellar structures, and the
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SAED (selected area electron diffraction) pattern derived from the circle region in Figure 4a
shows that the lamella has an HCP structure (as shown in the inset of Figure 4a). The
HRTEM micrograph shows a clear interface between the lamellae and the matrix. However,
the IFFT (inverse fast Fourier transition) result of the yellow square area in Figure 4b shows
that the crystal structure of the lamellae is the same as the matrix. The crystal lattice at the
interface is complete, but a certain degree of lattice distortion has occurred, indicating that
the different degrees of deformation in different regions result in the formation of lamella
with low angle grain boundaries (Figure 4c). Figure 4d shows that the large block structure
of « phase forms substructures such as dislocation cells and deformed bands. Fine grains
are formed in the (3, the diffraction spots are a series of diffraction rings, indicating the
formation of randomly oriented ultrafine/nanocrystal crystals. The enlarged view of the
B¢ region shows that it is composed of an ultrafine lamellar structure (Figure 4e) and an
ultrafine equiaxed crystal structure (Figure 4f).

Figure 4. TEM images at 20 um from the GS Ti64 surface: (a) lamellar structure; (b) high-resolution image at lamellar

interface; (c) the IFFT image of the box area in Figure 4b; (d) 3+ region; (e, f) the magnification of the (3 region.

The microhardness of the cross-section of the GS Ti64 sample changes with the depth,
as shown in Figure 5. The microhardness gradually decreases from the surface to the
core. The thickness of the entire gradient deformation layer reaches 325 um, and the
hardness of the topmost layer is about 26% higher than that of the CG matrix. USRP causes
severe plastic deformation and grain refinement on the surface of Ti-6Al-4V, resulting in
increased hardness. With the increase of the distance from the surface, the degree of plastic
deformation and grain refinement gradually weakened, resulting in a gradual decrease
in hardness.
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Figure 5. The cross-section hardness gradient distribution of GS Ti64.

Figure 6 shows the engineering and true stress-strain curves of CG Ti64 and GS Ti64.
During the compression process, the experiment is stopped when the sample is damaged.
The engineering stress of both firstly increases and then decreases with the increase of
strain. The fracture strain of GS Ti64 is about 6% higher than that of CG Ti64 (Figure 6a),
suggesting that GS Ti64 has better compressive plasticity. The compressive strength of GS
Ti64 (1590 MPa =+ 22 MPa) is higher than that of CG Ti64 (1520 MPa £ 15 MPa), indicating
that the gradient structure improves the compression resistance of Ti-6Al-4V. Figure 6b
exhibits that the true stress of both increases rapidly with the increase of strain at the initial
stage of deformation, and then increases slowly to the peak stress and then decreases

gradually until fracture. The true stress value of GS Ti64 is slightly higher than that of
CG Ti64.
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Figure 6. Representative quasi-static compression stress-strain curves of CG Ti64 and GS Ti64:
(a) engineering stress-strain curves; (b) true stress-strain curves.

Figure 7 shows the true stress-strain curves of CG Ti64 and GS Ti64 at 1500 s 1
2000 51,2500 s~ and 2700 s~!. CG Ti64 and GS Ti64 show a weak strain hardening effect,
the stress increases slowly with the increase of strain. When the strain rate increases to
2700 s~!, CG Ti64 and GS Ti64 show ideal plastic behavior at the initial stage of plastic
deformation, and obvious softening behavior occurs as the deformation continues. The
sudden drop of flow stress occurred at a specific strain, indicating that local plastic instabil-
ity occurs during the deformation process. The sudden drop of stress can be used as a sign
of ASB formation, and further microscopic observation is needed to confirm the formation
of ASB. CG Ti64 shows positive strain rate sensitivity, while GS Ti64 shows insensitivity
to strain rate sensitivity. The possible reason is that the softening effect of the gradient
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structure layer is stronger than the work hardening effect with the increase of strain rate,
resulting in no significant increase of stress.
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Figure 7. Representative dynamic compression true stress-strain curves: (a) CG Ti64 and (b) GS Ti64.

The average flow stress values of CG Ti64 and GS Ti64 at different strain rates are
shown in Figure 8. When the strain rate is 1500 s !, the true stress of GS Ti64 is slightly
higher than that of CG Ti64, and the average flow stress increases from 1365 MPa of CG
Ti64 to 1386 MPa of GS Ti64. The average flow stresses are almost equal when the strain
rates are 2000 s~ ! and 2500 s~ 1. It's worth noting that the average flow stress of GS Ti64 is
less than that of CG Ti64 under 2700 s—!, which is due to the stronger dynamic softening
effect of GS Ti64 than CG Ti64.
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Strain rate

Figure 8. Flow stress of CG Ti64 and GS Ti64 under different strain rate compression.

Microscopic metallographs of longitudinally sectioned samples of CG Ti64 and GS
Ti64 after compression at different strain rates are shown in Figures 9 and 10, respectively.
CG Ti64 and GS Ti64 maintain uniform compression deformation at 1500 s~1 200051
and 2500 s~1, and no ASB is generated. When the strain rate increased to 2700 s~!, some
saw-tooth chips formed at the two end faces of CG Ti64, coarse crack formed on the left
side of the specimen, and multiple ASBs were formed on the right side (Figure 9d). By
contrast, one side of the GS Ti64 sample produced some saw-tooth chips and formed a
crack. The width of the crack gradually widened from the surface to the internal, the crack
tip was passivated in the coarse grain region. Only one ASB was produced on the other
side (Figure 10d). In addition, CG Ti64 formed a large crack and the cracks were fully
opened (Figure 9d), while GS Ti64 formed small cracks (Figure 10d) in the middle of the
sample, indicating that GS Ti64 has better resistance to failure. The above deformation
features indicate that coordinated deformation occurs between the gradient structure and
the coarse grains of the core, which prevents the premature failure of the sample.
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Figure 9. Micrographs of the half-sectioned area of the dynamically-compressed CG Ti64 at sequential strain rates of
(a) 1500 s~1; (b) 2000 s~ 1; () 2500 s~ 1; (d) 2700 s~ 1.

Figure 10. Micrographs of the half-sectioned area of the dynamically-compressed GS Ti64 at sequential strain rates of
(a) 1500 s~1; (b) 2000 s~1; () 2500 s~ 1; (d) 2700 s~ 1.

The microstructures of the upper and middle regions near the sample surface of the
cross-section of CG Ti64 and GS Ti64 samples after compression deformation at 1500 s~ !,
2000 s~! and 2500 s~ ! are shown in Figure 11. It was found that the side expansion of CG
Ti64 is obvious (Figure 11a—f), while the side of GS Ti64 is relatively straight (Figure 11g-1),
indicating that the gradient structure hinders the lateral expansion of the sample, resulting
in more uniform compression deformation. It was also found that cracks appear on
the surface of 2500 s~! compression deformation (Figure 111), indicating the difficult
deformation characteristics of the surface gradient structure, which is consistent with the
high hardness of the surface.
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Figure 11. Microstructures near the sides of the middle part and the upper part after dynamic compression of the Ti-6Al-4V
alloy: (a—f) CG Ti64; (g-1) GS Ti64.

In order to analyze the deformation mechanism within the gradient structured layer,
the microstructure (at a depth of about 20 pm from the surface) before and after compression
deformation is characterized by TEM, as shown in Figure 12. It can be seen that the « phase
of the original large block structure produced a large number of dislocation cells and locally
deformed bands (Figure 12a), and formed fine equiaxed nanocrystals in some severely
deformed regions after dynamic compression (Figure 12b). The lamellar structure in the 3¢
transformed into equiaxed crystals (Figure 12d), and a large number of dislocations were
formed inside some grains (Figure 12c,d). The results show that dynamic recrystallization
of GS Ti64 gradient structure layer occurs during dynamic compression deformation. The
main driving forces are the increased interface energy, distortion energy after microstructure
refinement and the adiabatic temperature rise during deformation.
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Figure 12. TEM images of GS Ti64 samples at a depth of about 20 pm from the surface before and after compression:
(a,b) before compression; (c,d) after compression.

To analyze the failure mechanism of GS Ti64, the metallographs of longitudinally
sectioned specimen after compression at 2700 s~! are shown in Figure 13. Multiple ASBs
were formed at the two end faces of the sample, and cracks along the ASB were formed
(Figure 13a). The coarse crack bifurcates in the propagation process to form multiple
small cracks, and a small ASB was formed at the tip of the small crack after bifurcation
(Figure 13b,d). In addition, the microstructure at the crack bifurcation site was seriously
twisted, which indicates that the microstructure hinders crack propagation. A relatively
thick main ASB (about 25 um wide) was formed in the middle of the sample, in which
cracks extended along the shear band (Figure 13c). If the strain rate continues to increase,
the cracks will penetrate the whole ASB and cause the fracture of the sample.
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&
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[T,

Figure 13. ASB morphology of GS Ti64 after 2700 s~ dynamic compression deformation: (a) for-
mation of multiple ASBs; (b) bifurcation of crack; (c) crack propagation along the ASB; (d) multiple
ASBs are formed at the crack tip.

Interestingly, the work hardening rate of GS Ti64 is higher than that of CG Ti64 under
dynamic compression (Figure 14), which differs from the general observation that the strain
hardening behavior disappears and that sometimes even the strain softening behavior
occurs in ultra-fine grain or nanocrystal grain under dynamic compression [9,24-26]. The
strain-softening behavior of UFG and NG metals under dynamic compression is mainly
due to thermal softening and the formation of ASB [27,28]. However, the strain localization
trend and ASB for the surface layer of the GS Ti64 are suppressed by the CG center and the
mechanical constraint is generated between different layers in the GS Ti64.

20,000

10,000

Strain hardening rate (MPa)

0.05 0.10 0.15 0.20

True strain

Figure 14. Strain hardening rate curves of CG Ti64 and GS Ti64 under 2500 s .
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Thus, based on these observations mentioned above, the good dynamic mechanical
properties of GS Ti64 are attributed to the following aspects: (1) the CG center provides the
important part of the strain hardening ability for the GS Ti64; (2) due to the large strength
difference between hard surface and soft core, the resulting back stress leads to significant
accumulation of geometrically necessary dislocation [29-32], which effectively increases
the upper limit of allowable dislocation density in CG core and leads to a higher work
hardening rate; (3) the inhibition of dynamic dislocation recovery at high strain rates and
plastic deformation of grains in gradient structure also contribute to strain hardening under
dynamic conditions.

4. Conclusions

In this study, gradient-structured Ti-6Al-4V was fabricated using USRP and the gra-
dient structure was characterized by OM, EBSD, TEM and microhardness measurements.
The quasi-static, dynamic compressive properties and deformation mechanisms of coarse-
grained Ti-6Al-4V and gradient-structured Ti-6Al-4V were investigated in detail. The main
conclusions are:

(1) A gradient layer of 293 pm thickness is formed on the surface of the Ti-6Al-4V alloy
after USRP treatment. The gradient layer exhibits multi-gradient features along the
depth, including the grain size gradient, strain gradient and hardness gradient.

(2) The quasi-static compressive strength of GS Ti64 (1590 MPa £ 22 MPa) is higher than
that of CG Ti64 (1520 MPa £ 15 MPa), and the strain at which failure occurs is greater
than that of CG Ti64, the gradient structure improves the compression properties of
Ti-6Al-4V. Both CG Ti64 and GS Ti64 exhibit weak strain hardening effects and strain
rate insensitivity during dynamic compression. Sudden stress drop phenomenon
occurs under 2700 s~ ! and forms ASB.

(3) The block structure of « phase in the gradient structure produces a large number
of dislocation cells, local deformation bands after dynamic compression, and the
lamellar structure in (; is transformed into ultrafine crystals.

(4) Some saw-tooth chips form at the two end faces of CG Ti64 under 2700 s~!. By contrast,
one side of the GS Ti64 sample produces some saw-tooth chips and multiple ABS, and
only one ABS is formed on the other side. In addition, CG Ti64 formed large cracks
and the cracks are fully opened, while GS Ti64 forms small cracks. These deformation
features indicate that coordinated deformation occurs between the gradient structure
and the coarse grains, which prevents the premature failure of the sample.

The gradient structure promotes uniform compression deformation and prevents
premature shear failure, but does not significantly improve mechanical properties of the
alloy. In future work, on the one hand, the rolling process should be optimized to improve
its dynamic mechanical properties. On the other hand, the effect of gradient structure on
the dynamic mechanical properties of other titanium alloys should be studied.
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