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ABSTRACT 

 

Shot peening is a well-established surface treatment technique to improve metallic 

components’ fatigue lives by introducing compressive residual stress at their surface layers. Using 

/ Ti-6Al-4V alloy as an example, the fatigue life of Ti64 was significantly enhanced after a 

compressive residual stress was introduced to a depth of 208 µm via shot peening treatment. The 

top ~ 24 µm layer from surface was found interestingly unable to be indexed under electron 

backscatter diffraction (EBSD), a depth coinciding with the presence of maximum compressive 

residual stress as revealed by center hole drilling method. Transmission electron microscope (TEM) 

with crystallographic orientation mapping was therefore employed to probe the top surface layer 

in order to unveil the origin of such thick non-indexed region observed in EBSD after shot peening 

and its effect on enhancement of component’s fatigue life. 
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I. Introduction 

Ti-6Al-4V or Ti64 is the workhorse in the titanium industry and accounts for about 60 % 

of the total titanium production [1]. It has been widely used in aerospace (where 80 ~ 90 % of the 

titanium used on airframes is Ti64) [1, 2], automotive [3] and medical [4, 5] industries for a variety 

of applications where high strength-to-weight ratio, corrosion resistance and/or composite 

compatibility are required. About 6 wt% of aluminum (Al) is alloyed into titanium (Ti) to serve as 

the alpha (-) stabilizer and promote nucleation of low temperature hexagonal close packed (HCP) 

-phase titanium. Other -stabilizers include oxygen (O), nitrogen (N), carbon (C) and tin (Sn) [1, 

6]. ~ 4 wt% vanadium (V) is added in to serve as the beta (-) stabilizer for nucleation of the high 

temperature body centered cubic (BCC) -phase titanium. Minor addition of such -stabilizers 

(which also include Mo, Ta, Nb) can also offer flexibility to manipulate the ratio of  over  phases 

in the microstructure of Ti64 alloy through different heat treatment [7, 8] and processing [1], 

leading to three types of titanium allotropes: alpha (-) and near -phase Ti alloy, beta (-) phase 

Ti alloy and two-phase / Ti alloy. The most common Ti64 alloy is the two-phase / Ti alloy.  

The as-casted Ti64 wrought usually comprises of coarse lamellar colonies [9] and offers a 

tensile strength of 896 MPa with a reasonably good fatigue and fracture properties [1]. To optimize 

resistance to fracture and high temperature creep, a heat treatment above the  transus temperature 

(995 ~ 1050 oC, the minimum temperature at which the alloy consists of 100 % -phase) followed 

by cooling produces a colony or basketweave- microstructure [7, 9]. To achieve higher strength 

and ductility, a heat treatment at 800 ~ 950 oC (below the  transus temperature) can break down 

the lamellar microstructure into a low-aspect ratio equiaxed globular microstructure where -

phase [7, 10-12] is embedded in a matrix of transformed lamellar +-phase [7, 10-13]. The 

former heat treatment is called -heat treatment while the later one is termed + heat treatment 
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or spheroidization/globularization process. The soak temperature and cooling rate during + heat 

treatment can influence the eventual microstructure significantly [7, 9], which can change the 

volume fraction of +-phase in the range of 10 to 40 %, with the balance volume as -phase Ti. 

To increase the fatigue life and resistance to stress-corrosion cracking of components made 

of Ti64 (such as axles, springs, shafting, aircraft landing gears, etc) which are subjected to periodic 

loading, shot peening has been routinely performed on the surface of these components since 1970s  

[14]. Shot peening is a cold working process, where the surface of a metallic component is 

bombarded with spherical shots made of metal, glass or ceramic. The shots can take the shape of 

spherical balls, irregular grits or cut wires. Each piece of shot strikes the metal surface and acts as 

a tiny peening hammer with force sufficient to create severe plastic deformation, which produces 

a compressive residual stress (CRS) on the top of the peened surfaces. Such CRS is beneficial to 

constrain the surface crack lines from generating and propagating inwards, which can eventually 

lead to component cracking and pre-matured failure. Fatigue life can be significantly enhanced 

without increasing dimension or adding weight to the original components [13, 15]. 

The effect of shot peening on the development of surface roughness, residual stress, 

hardness and fatigue life enhancement on steel (such as AISI 4140, AISI 4340, spring steel, etc) 

[16, 17] have been well investigated and summarized in the literature. However, the impact of shot 

peening on the technologically important Ti64 alloys have only been sparsely studied. It has been 

reported that shot peening / Ti64 alloy at a 6 ~ 8 A peening intensity and 100 ~ 125 % coverage 

led to formation of a layer with significant CRS (-749 ~ -845 MPa) 190 ~ 200 µm beneath the 

surface [11, 15]. In a separate study, shot peening / Ti64 alloy at 6 ~ 10 A Almen intensity led 

to presence of around -680 MPa CRS at the surface, which was gradually diminished and balanced 

off by a tensile residual stress at 250 µm depth [12]. Such CRS increased the fatigue life of Ti64 

materials [15] significantly by changing the fatigue cracks initiation from specimen surface in un-
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peened specimens to sub-surface in peened specimens [11], although shot peening exercised nearly 

no effect on the wear behavior of Ti64 under fretting loading condition [18]. 

Shot peening, similar to other surface treatment techniques such as deep cold rolling [10, 

19], laser shock peening [10, 12, 20] and rotary ultrasonic roller burnishing [21], introduces 

significant CRS at the near surface region by causing severe plastic deformation and grain 

refinement/fragmentation. It is critical to investigate the microstructure development after such 

surface treatment in order to understand the resultant fatigue performance and correlate it with 

their macroscopic properties such as residual stress and hardness holistically. However, there are 

very limited investigation on the microstructural development on Ti alloys (such as / Ti64 [12] 

and Ti-834 [22-24]) after shot peening. Lainé et al [12] investigated the Ti64 with equiaxed 

globular microstructures and observed that shot peening produced long wavy tangled dislocation 

lines and deformation twining with shear bands to a depth of 70 µm by TEM.  After analyzing 

grain orientation spread (GOS) based on electron backscatter diffraction (EBSD) scan, he found 

that the top 70 µm had a large grain misorientation with respect to the grains in the bulk, 

accompanying the formation of deformation twins mainly along {101̅2}with a few along {112̅1}. 

However, there is a lack of similar studies on the colony- or basketweave-/ Ti64 alloy in the 

literature, despite that such microstructure is common for as-casted /-Ti64 wrought alloy. In 

addition, similar basketweave microstructures have also been observed in cold-sprayed Ti64 

coatings [25] as well as Ti64 components printed by directed energy deposition (DED), selective 

laser melting (SLM) and electron beam melting (EBM) [26] techniques due to their high quenching 

rates. These components are usually comprised of fine needle-shaped acicular  martensite (or -

lathe/lamellar) interlacing with intergranular -platelet.  

Therefore, in this work, we employ the electron backscattering diffraction (EBSD) and 



 6 

transmission electron microscope (TEM) with crystallographic orientation mapping techniques to 

probe the microstructure of basketweave /-Ti64 alloy at surface region before and after shot 

peening. It can help unveil the microscopic mechanism behind the beneficial effect of shot peening 

treatment in enhancing cyclic-loaded metallic components’ fatigue lives. The understanding of 

such mechanism is of considerable scientific and technological interests and can complement the 

current knowledge on / Ti64 with equiaxed grain microstructures.  

 

II. Experimental methods 

 

Two geometries (dog-bone and rectangular coupons) of commercial-grade Ti-6Al-4V (Ti64) 

samples (Fig. 1(a & b)) were used in the present study. No further heat treatment was carried out 

on the as-received materials. Shot peening was performed in a booth manufactured by Clemco 

Industries Corp. Spherical shot balls are made of high hardness cast steel (ASH110, 55 - 62 HRC) 

with an average diameter of 340 µm (Fig. 1(c)). They were peened at the surface at a pressure of 

35 psi from a duckbill nozzle, which was set 4 vertically above the coupon surface. The nozzle 

was swiped back and forth across the coupon surface for 7 strokes at a speed of 60 inch/min in 

order to reach a coverage of 125 % and a target intensity between 6 and 9 A. The intensity was 

verified to be stabilized by at least 3 pieces of type A Almen strip prior to actual peening on the 

Ti64 coupons. Both sides of the dog-bone samples (Fig. 1(a)) were peened, while only one side of 

the rectangle coupon (Fig. 1(b)) was peened. 

The flat dog-bone Ti64 samples (Fig. 1(a)) were meant for tensile test and high cycle fatigue 

(HCF) test. Tensile test was carried out using Instron 5569 universal mechanical tester with a 50 
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KN load cell and a strain rate of 1 mm/min in order to identify the yield strength of Ti64 (0.2) 

after 0.2 % offset in strain. HCF tests were subsequently carried out using these dog-bone samples 

on a MTS HCF Bionix 370 servohydraulic test system at three loads, which are equivalent to 0.9, 

0.7 and 0.5 times of 0.2 at a frequency of 25 Hz and a load ratio (R, minimum load/maximum 

load) of 0.1 at room temperature for both as-received and peened samples. The fatigue life is 

defined at the test cycle when the dog-bone sample was broken into half or deemed as a run-out 

when 1 million cycles were reached without any sign of cracking. Each load was repeated for at 

least three coupons for consistency. The rectangular blocks (Fig. 1(b)) are used for all the other 

analysis described as below.  

 

 

(a) 

 
(b) (c) 

Fig. 1 Images of two types of coupons after shot peening in this work: (a) flat dog-bone Ti-6Al-4V 

coupon and (b) rectangular Ti-6Al-4V block. Shot-peened areas are at the centers of both samples. 

Peened surfaces appear rougher compared to the flat areas at both ends. (c) SEM image of the 

shot balls made of high hardness cast steel. 

 

The samples’ average surface roughness (Ra) was evaluated by KLA Tencor P-10 surface 

profilometer by measuring ten lines with 2 mm length randomly across the entire surface. The 

surface residual stress was measured using the sin2 method with Cu K X-ray and Ni filter in 

Stresstech Xstress G3 X-ray stress measurement, and the shift of Ti (213) planes (2 = 140±2o) 

300 µm 



 8 

were detected. The residual stress depth profile was investigated using center hole drilling (CHD) 

method in Stresscraft Ltd, UK. Drilling depth increments were set at 6 × 16 μm + 5 × 32 μm + 6 

× 64 μm + 6 ×128 μm to give a total hole depth of 1400 μm for determining stresses to a depth of 

1024 μm. A drill hole after CHD test can be seen in Fig. 1(b). 

Coupon’s crystallinity was examined using X-ray diffraction (XRD) on a Bruker D8 

Advance diffractometer with Cu Kα radiation (λ=1.54 Å) operated at 40 kV and 40 mA. Data was 

collected at a step size of 0.01o with 0.5 s exposure. JEOL 7600F field emission scanning electron 

microscope (FE-SEM) equipped with Oxford Instrument NordlysNano electron backscattering 

diffraction (EBSD) detector and X-Max 50 energy dispersive spectroscopy (EDS) detector was 

used for the microstructural characterization. EDS analysis was performed to determine the 

elemental composition of the coupon. EBSD analysis was performed to determine the grain 

orientations from cross-section surface of the coupon and reveal the deformation depth from shot 

peening surface. The cross-section surface of Ti64 coupon for subsequent EBSD analysis was 

prepared using a JEOL cross-section ion polisher. Prior to ion milling, a thin epoxy layer was 

capped on the top surface of the Ti64 coupon to obtain a flat top surface. Both this epoxy capping 

layer surface and the cross-section surface of Ti64 was mechanically polished using SiC grinding 

paper down to grit 4000. The cross-section surface of Ti64 was finally polished using 6 keV Ar+ 

ion milling in the ion polisher. The EBSD measurement were acquired with 20 kV electron 

accelerating voltage and a scan step size of 1 µm. Ti hexagonal close packed (HCP) and body 

centered cubic (BCC) phases were selected for indexing the EBSD patterns of the - and -phase 

Ti.  

Two thin lamellas from top surface were prepared using dual beam focused ion beam (FIB) 

system (FEI Helios Nanolab 450S) for transmission electron microscopy (TEM) characterization. 

Before FIB milling, protective layers comprising of amorphous carbon (C) and gold (Au) were 
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coated across Ti64 surface. A strip of platinum (Pt) was deposited over the area of interest using 

in-situ electron-beam and ion beam assisted deposition. TEM characterization was performed 

using FEI Titan 80-300 TEM system operating at 200 kV. TEM phase and crystallographic 

orientation mapping was carried out in a JEOL-2100 TEM operating at 200 kV. The JEOL 2100 is 

equipped with a double tilt low-background TEM holder, an Oxford EDS detector, a DigiSTAR 

Precession electron diffraction (PED) system and Nanomegas ASTARTM phase and orientation 

mapping system. The crystallographic orientation mapping was obtained through scanning the area 

of interest at Nano-beam diffraction mode with step size of 10 nm and actual beam size of ~ 6 nm 

using a 10 μm sized condensed aperture. The electron diffraction patterns were indexed by 

comparison with standard -Ti (space group of P63/mmc with a = 2.925, c = 4.667 Å) and -Ti 

(space group of Im-3m with a = 3.211 Å) crystal structures. Both final TEM crystallographic 

orientation maps and EBSD data were visualized and analyzed using HKL Channel 5 (Oxford 

Instruments) software. 

 

III. Results 

 

After shot peening, the flat surface of the as-received Ti64 coupon, which was covered 

with straight strips (Fig. 2(a)) due to grinding process, has been changed into a surface decorating 

with craters (Fig. 2(b)) with an average crater size of about 97.2 µm. The surface average 

roughness (Ra) of the Ti64 coupons have increased from 0.36 ± 0.07 µm to 1.34 ± 0.10 µm as a 

result of the crater formation. The ridges between craters can serve as the preferential crack 

initiation points. However, no further vibro-polishing, which is usually carried out after shot 

peening process to reduce the surface roughness, was performed on such wavy surfaces. The 

reason is to isolate the microstructural change induced by shot peening from those induced by 
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vibro-polishing, as post-peening polishing treatment has been reported to reduce the compressive 

residual stress layer’s thickness while reducing the surface roughness [15].  

  
(a) (b) 

Fig. 2 SEM surface morphologies of Ti-6Al-4V coupon at (a) the as-received status and (b) after 

shot peening. 

 

The composition of the Ti64 in weight percentage (wt%) before and after shot peening are 

listed in Table 1. It can be seen that besides Ti, Al and V elements, there were also presence of O, 

C, Fe and Si in the Ti64 coupons. By performing depth profiling using X-ray photoelectron 

spectroscopy (XPS), it can be seen that both carbon and oxygen were largely removed after 42 

mins of Ar+ ion sputtering (Supplementary Fig. S1), which was equal to a removal of 112 nm thick 

layer. Hence, carbon and oxygen were mainly from the surface contamination instead of presence 

as intrinsic -Ti alloying elements. By excluding O, C, Fe and Si, the weight percentages of Ti, Al 

& V can be calculated to be 90.5, 5.7 and 3.8 wt%, respectively (Table 1). This composition 

matches with the theoretical composition of Ti64. After shot peening, there was a clear increase in 

the weight percentage of Fe, Si and O, which is likely to be imparted by the hard steel shot balls. 

The weight percentages of Ti, Al and V after shot peening were calculated to be 90.1, 5.9 and 4.1 

wt% by excluding O, C, Fe and Si (Table 1), still maintaining the original stoichiometry.  

 

200 µm 200 µm 
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Table 1 Composition in weight percentage (wt%) of the as-received Ti64 samples and after shot 

peening treatment, as determined by energy dispersive spectroscopy (EDS). 

Elements As-received sample Shot-peened at 32 oC 

Ti 82.4 90.5 74.8 90.1 

Al 5.2 5.7 4.9 5.9 

V 3.5 3.8 3.4 4.1 

O 7.1 - 11.9 - 

C 1.6 - 2.3 - 

Fe 0.1 - 2.5 - 

Si 0.1 - 0.2 - 

     

Remarks All elements Ti, Al, V only All elements Ti, Al, V only 

 

 

The coupon’s crystallinity as probed by XRD is shown in Fig. 3. The as-received Ti64 was 

dominated with Ti17Al3 (01-077-6855, blue lines) with weak patterns from Ti0.7V0.3 (01-081-9817, 

green lines).  Ti17Al3 and Ti0.7V0.3 are associated with - and -phase Ti, respectively. After shot 

peening, although all peaks were still present, they shifted to smaller angles with larger full-width-

at-half-maximum (FWHM). For example, (101̅1) peak was at 40.5o with FWHM of 0.5 in the as-

received coupon. It shifted to 40.3o with FWHM of 0.7 after shot peening. The broadening of 

FWHM after shot peening indicates a reduction in grain size and an increase in strain, while the 

shift of all peaks to lower angles suggests the presence of anisotropic residual stress and an increase 

in lattice parameters in all crystal planes. X-ray stress measurement detected an increase of residual 

stress along the longitudinal direction of the rectangular coupon from -148 ± 13 MPa to -775 ± 46 

MPa on the surface, while Rietveld phase analysis revealed that weight percentage of -Ti 

decreased from 25.1 to 17.2 wt% after shot peening (shown as inset in Fig. 3). During rotary 

ultrasonic roller burnishing, volume fraction of -Ti content has been observed to increase initially 

with ultrasonic powder to 230 W, but decreased with a further increase in ultrasonic powder to 

472.6 W [21]. Reduction in -Ti content in our case could suggest a partial disappearance of -Ti 
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grains through either decomposition or dissolution into -Ti grains after shot peening, which will 

be discussed with TEM-based crystallographic orientation mapping results later in Fig. 9. 

 
Fig. 3 XRD patterns of the as-received Ti64 (black) and Ti64 after shot peening at room 

temperature (32 oC, red). Inset shows weight percentages of - & -Ti derived from Rietveld phase 

analysis of these two XRD patterns. 

 

From the tensile test, the Young’s modulus (Ea), yield stress (0.2) and the corresponding 

load (F0.2) after offsetting 0.2 % strain of as-received Ti64 were determined to be 122.4 GPa, 823.3 

MPa and 14.801 KN, respectively, after zooming in the initial linear region of the stress-strain 

curve (Fig. 4(a)). These values agree with the earlier reported values of as-casted / Ti64 

materials [13, 27]. Three loadings equivalent to 0.9, 0.7 and 0.5 times of the F0.2 were chosen as 

the high, medium and low loads to test the fatigue life of the Ti64 dog-bone coupons at as-received 

and after shot peening conditions, when the coupons were subjected to cyclic loading and 

unloading at the elastic deformation region. From the stress-life (SN) curve, the fatigue life for 

both as-received and shot peened Ti64 coupons increased as the load decreased from high (13.321 

kN) to low value (7.401 kN) (Fig. 4(b)). In addition, compared to as-received Ti64, fatigue life of 

the Ti64 coupons after shot peening was clearly increased at all three loads, which agree with the 

beneficial effects of shot peening in extending the fatigue lifetime of components under high cyclic 
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loadings [13, 15]. 

 

 
(a) (b) 

Fig. 4 (a) Stress-strain curve from the as-received Ti-6Al-4V dog-bone coupon with inset showing 

a zoom-in from the initial linear region (marked by the blue ellipse); (b) the stress-life (SN) curves 

from as-received (black squares) and after shot peening (red circles) dog-bone shaped Ti64 

coupons at 3 loads indicated in (a). Each point presents one sample. The dotted lines show the 

simulated SN curves for both conditions. 

  

The mechanism in extending the fatigue life by shot peening is attributed to the creation of 

compressive residual stress (CRS) region in the components after shot peening and the resultant 

microstructural changes. As revealed by center hole drilling method (Fig. 5(a)), there was presence 

of maximum CRS about -130.6 MPa along the longitudinal direction and -57.5 MPa along the 

transverse direction at a depth of 8.0 µm below the surface (Fig. 5(b)) in the as-received Ti64. 

Such CRS is induced by the grinding process which reduces the surface roughness but introduced 

anisotropic compression along and across the grinding direction. The grinding directly exerted a 

downwards force when moving back and forth along the longitudinal direction (1) on Ti64 surface, 

concurrently pushing the materials below grinding wheel sideways along the transverse direction 

(3). Hence, it led to a greater CRS in longitudinal direction (1) than that present in the transverse 

direction (3). However, the CRS in both directions decreased with the depth to about zero (stress 
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free) at 100 µm. 

The shot peening, on the other hand, introduced a significant yet nearly isotropic CRS from 

-758 MPa at 8 µm below the surface, which was very close to the value of -775 MPa as measured 

by X-ray stress measurement. The maximum CRS of -878 MPa and -887 MPa were obtained at 

depths of 24 and 40 µm for 1 and 3 directions, respectively. Subsequently, it decreased with 

depth down to 208 µm until it was balanced off by tensile stress of about 48 MPa. From such stress 

distribution profile, it is clear that shot peening not only increased the magnitude of the maximum 

CRS in Ti64, but also increase the depth of the region with CRS. Within this top 208 µm with the 

presence of CRS, the hardness by nano-indentation after shot peening was slightly higher than that 

of as-received Ti64, although both of them had a lower hardness compared to the hardness in the 

bulk (Fig. S2).  

  
(a) (b) 

Fig. 5 (a) A setup of center hole drilling (CHD) test with a yellow square strain gauge glued to the 

Ti64 surface. Element 1 in the strain gauge was aligned in the longitudinal direction (1) while 

element 3 in the transverse direction (3, shown as inset at the top left corner in (a)). The residual 

stress in both longitudinal and transverse directions were recorded at each of a total 23 drill depth 

increment carried out by a 3-axis, PC-controlled drilling machine.  (b) Results of residual stress 

distributing profile below the surface for as-received Ti64 and Ti64 after shot peening at 32 oC. 

 

 

The cross-section of as-received Ti64 (Fig. 6(a)) displayed a typical colony- or 

basketweave- microstructure, similarly observed in [9]. Large grains with different odd shapes 
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intersected one another like the texture in a basket (Fig. 6(a)). Inside each grain, there were many 

long thin white strips largely parallel to each other, while the white strips among neighboring grains 

were typically lined up in a different direction with each other.   

After shot peening, such basketweave feature was still present in the cross-section (Fig. 

6(b)) with contours of two craters next to each other clearly visible. Although the length of such 

white strips can range from a few µm to over 100 µm (Fig. 6(a & b)), its width or thickness is less 

than 0.2 µm as measured from a higher magnification image (Fig. S3(a)). The image contrast in 

backscattered electron imaging mode is related to elemental mass contrast. The -Ti (Ti17Al3) areas 

appeared dark due to its lower atomic number (hence less backscattering electrons), while -Ti 

(Ti0.7V0.3) strips appeared white due to its higher atomic number and stronger backscattering 

electrons. The elemental mappings (Fig. S3(b-d)) of the area in Fig. S3(a) support that the white 

strips were rich in V (Fig. S3(d)) but poor in Al (Fig. S3(c)), and hence are attributed to -Ti phase 

(Ti0.7V0.3).  

  

(a) (b) 

Fig. 6 Low-angle backscattering electron (LaBe) images from the cross-section surface of (a) as-

received Ti64 and (b) Ti64 after shot peening. The initial flat surface in (a) turned into undulated 

morphology after shot peening in (b) due to crater formation. 

 

EBSD analysis was performed on the cross-section surface of the samples (Fig. 7(a & b)).  

50 µm 50 µm 

Surface & bottom of crater 
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The inverse pole figure (IPF) maps from the cross-section areas provide the crystallographic 

orientations perpendicular to the analysis surface (Fig. 7(c & d)). The grain orientations are colored 

as given in the triangular legend as inset in Fig. 7(c). The high angle boundaries (HAB), defined 

here as misorientations greater than 10°, are highlighted as black lines. It can be seen from the IPF 

maps that the cross-section surface comprised of very large hexagonal close packed (HCP) -Ti 

grains, while body center cubic (BCC) -phase Ti was barely observed, even at EBSD map using 

a 0.3 µm step size (results not shown here). -phase Ti was similarly un-indexed even in the Ti64 

with equiaxed globular microstructures [12]. Despite that both XRD and EDS mapping support 

the nature of / two phase Ti64 in the as-received samples, the absence of -Ti phase in EBSD 

mapping is likely caused by their narrow width (< 0.2 µm) and low crystallinity (shown as a broad 

hump in the XRD pattern.  

Kernal average misorientation (KAM) maps were generated from IPF (Fig. 7(c)) to 

evaluate the extent of the local misorientations from the surface edge (Fig. 7(e)). The average value 

of the misorientation between every pixel and its 8 nearest neighboring pixels were determined 

and assigned as the KAM value for that pixel. Misorientations greater than sub-grain angle of 5o 

were defined as threshold and were excluded in the calculation. The KAM maps were colored 

according to the color scheme in the legend (as inset in Fig. 7(e)), where higher local 

misorientations (> 2o) are given in green while the stress-free -phase Ti grains (local 

misorientations < 1o) are colored in blue. The grain boundaries were defined for misorientations 

greater than 10°, same as the definition of HAB for IPF in Fig. 7(c & d). 

By overlaying the KAM map (Fig. 7(e)) into the same area in the forward scattered electron 

image (Fig. 7(a)) acquired at same geometry prior to the EBSD scan, the position of the surface 

edge on the KAM map can be determined from the surface edge at the background forward 

scattered electron image (Fig. 7(g)). The thickness of the region in green for the as-received sample 
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can be measured from 12 to 22 µm with an average thickness of 17 µm. This green region with 

higher local misorientations was induced by the surface grinding process. It is interesting to note 

that there were presence of non-indexed areas and strips (colored in black, and highlighted by 

white ellipse and rectangle dotted box) at the top surface inside the green region (Fig. 7(e)). Such 

black area and strips only existed at the top region but not inside the bulk. They covered a thickness 

from 3 to 15 µm with an average thickness of 8 µm (Fig. 7(g)).  

After shot peening, it can be seen from the IPF map (Fig. 7(d)) that the top region has large 

discontinuous areas of non-indexing, while the grains in the bulk remained well-indexed as HCP 

-phase. In the KAM map (Fig. 7(f)), the green area representing higher local misorientations 

caused by plastic deformation after shot peening treatment increased to a thickness between 49 

and 74 µm with an average of 62 µm below surface, while nearer to the bulk of the Ti64 

microstructure, the grains were largely in blue with consistent large grain size. By highlighting the 

{101̅2} deformation twinning boundaries with pink lines in the band contrast (insets in Fig. 7(c & 

d)), it can be seen that the {101̅2} twins were not visible in the as-received Ti64. However, they 

appeared with high density after shot peening in the surface region. In addition, the deformation 

twinning was only detected on the top surface region, but not in the bulk of the coupon. Twinning 

formation has been similarly observed in other Ti alloys including /-Ti64 with globular 

microstructure [12], TC6 [20] as well as Ti-834 [22-24] after different surface enhancement. Slip 

and twining are the two competing mechanisms to accommodate the severe plastic deformation 

and subsequent grains fragmentation/refinement. Hexagonal close packed (HCP) -Ti has only 3 

slip systems, far less than body centered cubic (BCC) -Ti, which has 12 slip systems [28]. The 

low number of slip systems in -Ti explains the observation of twining in the current study after 

shot peening. It is worth to note that the non-indexed (black) area not only continued to exist in 

the EBSD map after shot peening, its thickness also increased to between 7 and 51 µm with an 
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average value of 24 µm (Fig. 7(h)).  

 
 (a) (b) 

  

(c)  (d) 

  

(e) (f) 

100 µm 100 µm 
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  (g) (h) 

Fig. 7 Images of (a & b) forward scattered electron image, (c & d) the inverse pole figures (IPF) 

and (e & f) KAM maps from respective areas labeled by white boxes in (a & b). (g & h)  KAM 

maps overlaid on the forward scattered electron images for cross-sectioned surface of (a, c, e & 

g) as-received Ti64 and (b, d, f & h) after shot peening at room temperature from the very top 

peened surfaces. Insets in (c & d) show the band contrast with the {101̅ 2  twin boundaries 

highlighted in pink. 

 

 It is interesting yet intriguing to observe such thick un-indexed region after shot peening 

Ti64 in the current study, which has not been observed and reported earlier after shot peening Ti64 

with globular microstructure [11, 12, 15]. The reasons for non-indexing of the EBSD patterns can 

usually be attributed to: (1) presence of amorphous structure or highly deformed grains, (2) 

absence of materials (pores, voids) or (3) beyond resolution limit of EBSD. Since the top surface 

regions were structurally intact as shown in forward scattered electron images (Fig. 7(a & b)), the 

most likely possibility of non-indexing is that the grains in the top surface regions were too fine 

and beyond the resolution of the EBSD scans. Grains could also be severely deformed resulting in 

very weak or disappearance of Kikuchi lines. As a result, such severely deformed areas would lead 

to EBSD with very poor quality or no EBSD patterns at all. Therefore, FIB and TEM techniques 

were employed to investigate the microstructure at the top surface region. 

The cross-section just below the top surface was selected to be imaged under both dark 

field and bright field TEM, as the top surface was rich with the unindexed black region under 

EBSD. In dark field TEM mode, the scattered electrons are captured by the 10 μm sized objective 
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aperture while the transmitted electrons are excluded. In bright field mode, the transmitted 

(unscattered) electrons are collected instead, while the scattered electrons are blocked. Thus, the 

bright regions in the dark field images correspond to the grains contributed to the selected 

diffraction spot, and are related with the sizes of those grains. 

From the dark field (Fig. 8(a)) and bright field (Fig. 8(b)) TEM images of as-received Ti64 

sample, it can be seen that the only top surface region, with a thickness of 0.4 µm from surface (as 

marked by blue rectangle box in Fig. 8(b)), is consisted of very fine grains with size less than 0.1 

µm. Below this region, the Ti64 was mainly composed of large grains separated by several curvy 

lines bending downwards from surface into the bulk. Such curvy lines were similarly observed 

under SEM and EDS mapping (Fig. S3 (b - d)). TEM EDS mapping (Fig. 9(c)) also confirmed that 

they are indeed were rich in vanadium (V), likely attributed to the -Ti. The areas between such 

lines were rich in titanium and aluminum, which is associated with the -phase Ti. No grain 

boundaries can be observed inside such regions in both dark field and bright field images. 

  

(a) (b) 
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(c) (d) 

Fig. 8 (a & c) Dark field and (b & d) bright field TEM images from (a & b) as-received Ti64 and 

(c & d) after shot peening at room temperature. 

 

After shot peening, it can be seen from Fig. 8 (c & d) that the initial large grains in the as-

received Ti64 have been shattered into smaller grains within the entire TEM imaging area. The top 

1.7 µm from surface (marked by blue dotted rectangle in Fig. 8(d)) has been fragmented into small 

grain size (< 0.1 µm), due to the successive forceful impact of the shot balls. The area under this 

region was fragmented into slightly bigger elongated grains with their width typically less than 0.2 

µm.  

To have a better visualization of the grain size and corresponding crystallographic 

orientation, TEM-based crystallographic orientation mapping at nanometer scale [29-31] is 

deployed to examine the same samples prepared by FIB. TEM orientation mapping is essentially 

an extension of SEM-based EBSD to probe nanocrystalline’s orientation which is beyond the 

resolution of traditional EBSD, such as for severely deformed metals. While EBSD analyzes 

Kikuchi lines, which intrinsically offers a sub-degree orientation resolution, to provide fast crystal 

orientation mapping, its results are poor for samples present with high strains and/or severe 
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deformed, as Kikuchi lines are very sensitive to crystal orientation and can fade away quickly if 

the probing volume suffers distortions [29]. On the other hand, these distortion exercise limited 

effects on the diffraction spots, as small misorientation affects the intensity but not the diffraction 

of the diffracted beams [29]. Taking advantage of high spatial resolution in TEM, each grain’s 

phase and orientation is obtained by matching experimentally obtained nanobeam electron 

diffraction patterns with the complete set of standard patterns calculated for all phases and all 

orientations in the probing volume [29-31]. Compared with SEM-based EBSD, TEM 

phase/orientation mapping is inferior in imaging speed but is superior in resolution for nano-scaled 

materials [31]. 

The orientation map of the - and β-phase Ti grains along the z direction before and after 

shot-peening process can be thus clearly identified in Fig. 9 (e-h). The overlapping of β-phase (Fig. 

9(g)) and location of vanadium in the EDS map phase (Fig. 9(c)) from the same area in Fig. 9(a) 

suggests the accurate indexing of grains’ crystallographic map using NanoMEGAS system. Except 

the presence of fine grains less than 100 nm close to the surface (around 0.4 μm thick marked by 

dotted box in Fig. 9(e)), the as-received Ti64 was dominated with large α-Ti single crystal grains 

which were separated by narrow β-Ti single crystal strips.  

After shot peening process, -Ti grains (Fig. 9(f)) and -Ti strips (Fig. 9(h)) can be still 

distinguished in the orientation map. The distribution of -Ti strips matched well with the V-rich 

strips shown under EDS (Fig. 9(d)). However, the large grains of both α- and β-Ti crystals in the 

as-received Ti64 were shattered into grains with smaller sizes and different orientations as shown 

in z direction in Fig. 9(f & h). The surface region with fine grains less than 100 nm has increased 

to a thickness of 1.6 µm (marked by the dotted rectangle box). It is worth to note that the top -Ti 

strip near the surface was not continuous but separated by -Ti grains (indicated by white ellipse 

in Fig. 9(h)), while the two deeper -Ti strips were unbroken. These results seem suggesting a 
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possible dissolution of -Ti grains into-Ti grains after shot peening, which could explain 

Rietveld phase analysis’s observation of a decrease in -Ti from 25.1 to 17.2 wt% after shot 

peening (inset in Fig. 3). 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Surface Surface 

1 µm 

1 µm 

1 µm 

1 µm 
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(g) (h) 

Fig. 9 (a & b) Bright field TEM images, (c & d) V-K elemental mapping, (e & f) orientation map 

of Ti1.7Al0.3 (-phase, in z direction) and (g & h) orientation map of Ti0.7V0.3 (-phase, in z direction) 

from (a, c, e & g) as-received Ti64 and (b, d, f & h) after shot-peening at room temperature.  

 

IV.  Discussion 

The average strain rate during shot peening has been estimated to be around 104 s-1 with a 

maximum localized strain rates about 105 s-1 [12]. In the current study, the severe plastic 

deformation incurred by such high strain rate led to the following four results: (1) grain 

fragmentation/refinement (Fig. 9(f & h)), (2) formation of {101̅2} deformation twinning (inset in 

Fig. 7(d)), (3) larger grain misorientation (Fig. 7(f)) and (4) compressive residual stress (Fig. 5(b)) 

at the top surface region. Each of four results requires a progressive smaller strain rate to take place. 

Hence, these four results have a gradually deeper depth of presence, due to diminishing strain rate 

when it propagates inwards.  

The thickness of the non-indexed black strips in the EBSD maps for both as-received (8 

µm) and after shot-peened Ti64 (24 µm) are interestingly close with the depth of the maximum 

compressive residual stress (CRS) in the respective samples as probed by center hole drilling (8 

µm for as-received and 24 ~ 40 µm for shot-peened Ti64, Fig. 5(b)). The step size in EBSD scans 

in Fig. 7 is set to be 1 µm in order to capture larger area containing the large grain size in the bulk 

of this /-Ti64. A smaller step size of 0.3 µm was also used to probe the very surface region. 

1 µm 1 µm 
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However, at both step size settings, it is unlikely for EBSD to resolve the fine grains as observed 

from TEM (enclosed in the blue dotted box in Fig. 8(b) and Fig. 9(e)), as the grains’ dimension in 

this box is far less than 0.3 µm. Only with the aid from TEM crystallographic orientation mapping 

technique, such small size crystalline grains can be clearly indexed and visualized (Fig. 9(e - h)). 

In addition, the region between surface and the maximum CRS were the most severely plastically 

deformed by the direct successive impact from the shots. Consequently, Kikuchi lines will fade 

away from this region [29]. Hence, this region cannot be indexed under EBSD and appeared black.  

Below this maximum CRS region, CRS in the fragmented grains slowly reduced, leading 

to better crystallinity and identification of isolated EBSD spots gradually (Fig 7(f)). Further deeper 

in the samples, grains with higher misorientation can be indexed completely as green region in 

KAM before the underlying strain-free grains were indexed as blue in Fig. 7(f). It can be seen that 

the green region with higher misorientation is associated with presence of CRS and it has thus 

been attempted to correlate the total CRS depth from grain orientation spread (GOS) based on 

EBSD map with that from center hole drilling [12]. Some degree of success can be observed from 

such attempt of Ti64 with globular microstructure but with very large depth of EBSD mapping 

(450 µm) [12], and it is worth to be further explored. 

The current  Ti64 has a characteristic basketweave microstructure with large grains of 

the as-casted Ti64, different from the more common globular equiaxed fine grain structure of /-

phase Ti64 which is obtained after solution aging treatment slightly below the -transus 

temperature (850 ~ 950 oC) [7, 10-12]. However, shot peening at 125 % coverage similarly 

introduced a 208 µm thick region with CRS, compared to that of the /-Ti64 at the same coverage 

[11]. From the crystallographic orientation mapping (Fig. 9(e & f)), it can be seen that the grain 

density at the top surface region has increased dramatically after shot peening, which was caused 

by the refinement/fragmentation of the large grains in the as-received Ti64 (Fig. 8(b) & 9(e)) into 
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fine grains after shot peening (Fig. 8(d) & 9(f)). Such high grain density introduced a number of 

grain boundaries, which effectively retard the propagation of crack hairlines from surface inwards, 

slow down macro-crack formation and delay the eventual component breakdown. As such, the 

fatigue life of Ti64 components has similarly been enhanced after shot peening (Fig. 4(b)).   

Although TEM has been widely available, automated crystal orientation and phase 

mapping technique has only been installed in around 50 TEM systems globally [31]. The targeted 

materials of this technique has been continuously expanded from metals to a variety of other 

materials including nanoparticles for catalysis, ceramics, semiconductors, geological materials, 

and energy related compounds. Its capability has advanced from crystallographic texture and grain 

structure analysis to phase discrimination [31]. The current study provides a timely and relevant 

application example of TEM crystallographic orientation mapping in the field of microstructural 

development incurred by shot peening and other surface treatment techniques. 

 

V. Conclusion 

In this work, the microstructure of basketweave  phase Ti64 before and after shot 

peening has been investigated using EBSD and TEM techniques, and correlated with the 

macrostructural properties including residual stress and fatigue life performance. Shot peening at 

125 % coverage at 6-9 A intensity introduced a layer with significant compressive residual stress 

(CRS) 208 µm deep under the surface. The maximum CRS has increased from -130.6 MPa in the 

as-received sample to -887 MPa after shot peening. The severe plastic deformation led to the large 

-Ti grains and -Ti strips in the surface region of Ti64 to be refined into small grains with size of 

less than 1 µm in one of the dimensions. The phase and orientation maps of these refined - and 
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β-phase Ti grains were clearly resolved under TEM-based crystallographic orientation mapping, 

although they were far smaller than the EBSD’s scan step of 1 µm and unable to be indexed under 

EBSD. Together with severely plastic deformed areas, they thus appeared black just below surface 

under EBSD, coinciding with the presence of maximum CRS, while the underlying regions with 

less plastic deformation appeared green under KAM map. The small grain size and the resultant 

large grain density led to a significant increase in grain boundaries, which increase the diffusion 

distance of micro-cracklines from surface to the bulk before breaking down the components. The 

fatigue life is therefore enhanced as the propagation of micro-cracklines has been deterred from 

surface into the bulk. Refinement and fragmentation of the top surface region into very fine grains 

by shot peening therefore effectively increased the fatigue life of such basketweave  Ti64 

coupons.  
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The depth profiling on as-received Ti-6Al-4V (Ti64) was carried out in Thermo Fisher 

Scientific Theta Probe X-ray photoelectron spectroscopy (XPS) using Al K monochromatic X-

ray source. Ar+ ions with 3 keV energy were bombarded the surface to remove the layers. Fig. S1 

demonstrated the gradual removal of oxygen and carbon from surface, as evidenced by the 

continuous reduction in the O1s (531 eV) and C1s (285 eV) peaks’ intensities as a function of 

sputtering time. At the same time, intensities of Ti2p (453 eV), Al2p and V2p (509 eV) peaks 

started to increase. At the end of 42 mins sputtering, which was equal to a removal of 112 nm of 

materials from surface, the Ti64 surfaces were dominated with signals from Ti, V, Al and Ar, with 

Ar+ ions being implanted into the  top  surface. Hence, XPS depth profiling confirmed that carbon 

and oxygen are from surface contamination instead of being impurities or dopants inside the Ti64 

coupon.

 

Fig. S1 XPS Survey spectra from as-received Ti-6Al-4V and after sputtering from 2 to 42 mins. 
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The hardness and young’s modulus of the Ti64 coupons before and after shot peening were 

investigated using Agilent G200 Nanoindenter XP nano-indentation system. A Berkovich diamond 

tip was positioned over cross-sectional Ti64 coupons with displacement mode indentation at 1000 

nm. Each line scan has the first indentation point at 20 ~ 35 µm away from the surface. The 

subsequent 4 indentation points were 40 µm apart and the next 10 points were 100 µm apart. The 

surface region was indicated with a shaded rectangular box, corresponding to a region with 

presence of compressive residual stress, while the underlying region is considered as bulk. The 

average hardness measured from both surface and bulk regions are summarized in the inset. 

 
Fig. S2 Nano-indentation line-profile along cross-section of as-received Ti64 (black) and Ti64 

after shot peening (red). The shaded area refers to the top 208 µm where there was presence of 

compressive residual stress after shot peening. The black dashed line represents the hardness 

measured from the top surface of the as-received Ti64. 
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The basketweave microstructure can be observed under backscattering electron (BE) 

images from the as-received Ti64 after shot peening at room temperature (Fig. S3(a)). The areas 

rich in heavier elements (i.e., V) scatter more electrons and hence appear brighter under BE images. 

The elemental mappings from Fig. S3(b-f) also confirm that the white strips in Fig. S3(a) are rich 

in V and Ti, but deficient in Al. Hence, such white strips are attributed to -Ti (Ti0.7V0.3) as detected 

under XRD, while the gray areas in between the white strips are attributed to -Ti (Ti17Al3). 

 

 

(a) (b) 

  

(c) (d) 

Fig. S3 Low-angle backscattering SEM images from the cross-section of (a) Ti64 after shot peening 

at room temperature. (b-d) are elemental mappings of Ti, Al, and V from the same area in (a). 
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