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a b s t r a c t 

Nanograin materials have superior properties in mechanics, physics and chemistry. Here, we found a new 

phenomenon that nanograin formation spontaneously occurs in the process of ductile fracture for a tita- 

nium alloy, and the dominating mechanism is local severe-plastic-deformation (LSPD). The microstructure 

evolution during the entire process of monotonic tension was revealed to further understand the ductile 

fracture from plastic deformation to necking, and to final failure, especially in the post uniform defor- 

mation stage, in which the voids nucleate, grow and coalesce. The process of the LSPD can potentially 

provide a new concept and approach to design and produce high ductile materials, in which nanograin 

formation will consume massive strain energy to enable the large elongation after specimen necking in 

the post uniform deformation. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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The subject of nanograin materials with the equivalent grain di- 

meter smaller than 250 nm has been extensively investigated in 

aterials science and engineering over the past decades. Due to 

he large fraction of grain boundaries (GBs), nanocrystalline mate- 

ials have quite unique mechanical, physical and chemical proper- 

ies in comparison with traditional crystalline materials with grain 

ize between 10 and 250 μm [1–3] . Described by the Hall-Petch 

elation [ 4 , 5 ], the nanostructured metals or alloys are certainly 

f high tensile strength. Therefore, nanograin-structures are ap- 

lied to upgrade the mechanical properties of structural materi- 

ls by microstructure designing and processing [6–8] . Severe plas- 

ic deformation (SPD) is one of the novel techniques to produce 

anograins or refined microstructures [9–13] . During an SPD pro- 

ess, the strain energy resulted from irreversible plastic deforma- 

ion was stored in the new born GBs of nanograins or interfaces of 

efined microstructures. 

Here, we report a new phenomenon that nanograins are pro- 

uced in the ridges of ductile dimples in the fracture surface layer 

f a titanium alloy (Ti-6Al-4V). We conclude that the formation 

echanism of nanograins is the process of local SPD (LSPD) un- 

er monotonic tension. These findings not only further reveal the 

etailed mechanism in nanometer scale of ductile fracture but also 

ill enrich the technique of SPD processing. 
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Ductile fracture is one of the most common failures of metallic 

aterials subjected to monotonic or even cyclic loadings [14] . The 

nvestigations of ductile fracture were closely related to fracture 

echanics [15–17] , and many models were proposed to describe 

he fracture process of ductile materials based on the observations 

f void nucleation, growth and coalescence [17–22] . Similar inves- 

igations under cyclic loading conditions have also been accom- 

lished by experiments [23–25] and theoretical analyses [ 26 , 27 ]. 

lthough there are a large number of theoretical and experimen- 

al descriptions on ductile fracture, the real physical details in 

anometer scale are still rare. In the practice of mechanical prop- 

rty research, yield strength, ultimate tensile strength σ u (UTS) 

nd uniform elongation (UE) are the most important parameters 

epresenting the tensile strength and the ductility of materials 

28] , but the physical behavior after uniform deformation of the 

ested specimen is less investigated. As well known, for many met- 

ls and alloys [ 14,17 ], there is a critical point at the tensile curve,

fter which strain hardening cannot compensate the area reduc- 

ion of the cross section. After that point, the strain becomes lo- 

alized, and this process of “post uniform deformation” is so called 

necking”. It is noted that some ductile materials still can sustain 

 considerable amount of plastic deformation in the post uniform 

eformation stage. In addition, for necked specimens, the ductile 

amage in terms of void formation and growth is accelerated from 

 point of the post uniform deformation. Consequently, it is worth 

aying attention to the stage of post uniform deformation for the 

esearch of ductility and fracture of materials. 
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Fig. 1. Tensile curve and related microstructure refinement of tested Ti-6Al-4V alloy. ( a ) whole tensile curve, ( b - d ) EBSD images of Euler angle and grain size distributions 

on the cross sections at points b-d of tensile curve. 
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We characterized the microstructure evolution of a titanium al- 

oy under different strains from original state to final fracture, es- 

ecially in the post uniform deformation regime, by scanning elec- 

ron microscopy (SEM), electron backscatter diffraction (EBSD), fo- 

used ion beam (FIB) and transmission electron microscopy (TEM). 

The material used in this investigation is a titanium alloy (Ti- 

Al-4V) with the chemical composition (wt.%) of 5.96 Al, 4.13 V, 

.16 Fe, 0.02 C, 0.015 N, 0.0036 H, 0.18 O and balance Ti, which was

eat treated by the following procedure: (1) heated at 1193 K for 

0 hours in vacuum ( < 1 × 10 –3 Pa) followed by furnace cooling, 

2) subjected to 2% plastic strain in tension, and (3) heated at 873 

 for 1 hour followed by furnace cooling for stress relaxation and 

icrostructure recrystallization. Thus the tested titanium alloy has 

he equiaxed microstructure (EM) consisting of equiaxed α grains 

nd randomly distributed transformed β . The α phase possesses 

bout 90% volume fraction ( α grains of about 75% plus α precip- 

tates of about 15% in transformed β domains). The tensile tests 

ere conducted at room temperature, with three cylindrical spec- 

mens (dog-bone shape, 10 mm in diameter and 56 mm in gage 

ength), in which the longitudinal direction is parallel to the axis 

f the received round bar and the strain rate is 10 –4 s –1 . 

In SEM observations, a JEOL JSM-IT300 was used to take the 

ractographs of ductile dimples, and a Zeiss Merlin was used to 

xamine the morphology in longitudinal sections of necked spec- 

mens. The EBSD results were acquired by using the Zeiss Mer- 

in equipped with a NordlysNano detector. The TEM samples were 

repared in the chamber of a FIB/SEM dual-beam system via an 

EI Helios Nanolab 600i. The subsequent TEM observations were 

onducted by using an FEI Talos F200X and an FEI Tecnai G2 F30 

-Twin. The microstructures of the fracture surface layer were ex- 

mined by bright filed (BF) and dark field (DF) imaging, high reso- 

ution TEM (HRTEM), and selected area electron diffraction (SAD, 

iameter 180 nm). The size of nanograins was measured from 

RTEM images (a total of about 300 nanograins) by using the soft- 

are of Image-Pro Plus 6.0. 

Fig. 1 a shows the tensile curve of the Ti-6Al-4V alloy, which 

ontains uniform deformation and localized or post uniform de- 

ormation stages. Fig. 1 b to d presents the EBSD maps in terms 
2 
f Euler angles and the obtained grain size distributions on the 

ross sections at points b-d of the tensile curve. It is obvious that 

he grain size refinement occurs in the plastically strained materi- 

ls under monotonic tension. Meanwhile, the increasing fraction of 

ero resolution with black regions in the EBSD maps ( Fig. 1 b to d)

mplies that a growing amount of energy resulted from irreversible 

eformation was stored in the stretched specimen. According to 

he dislocation theory [ 14 , 29 ], the plastic strain energy is a func-

ion of the associated dislocation density. Actually, the zero resolu- 

ion regions of EBSD should be attributed to the accumulation of 

islocations [30] . 

Due to stress concentration, strain localization becomes more 

nd more remarkable at the connecting areas between the voids 

n the necked region until final ductile fracture. Fig. 2 a shows 

he dimple morphology on the center of the fracture surface of a 

roken specimen. There is no obvious morphological difference in 

ractographic feature for the ductile dimples. Thus, we randomly 

hose a location for TEM sampling by FIB milling marked by the 

ed bar shown in Fig. 2 a. Fig. 2 b presents the BF image of the

EM sample, showing the microstructure with vague GBs beneath 

he fracture surface of ductile dimples because of the high den- 

ity dislocations within the grains. Fig. 2 c is an enlarged DF im- 

ge of box b in the BF image showing the tearing ridge between 

he two adjacent dimples. In the region of the tearing ridge, sev- 

ral small bright granules of discrete nanograins prevail within the 

im area beneath the fracture surface. Fig. 2 d to g shows four SAD 

atterns for circular domains d to g each with the size of 180 

m in diameter. Fig. 2 d exhibits slightly elongated diffraction spots 

ndicating that domain d at the "hill side" of the dimple experi- 

nced a considerable plastic deformation. Fig. 2 e exhibits discon- 

inuous diffraction rings indicating that domain e at the ridge or 

eak region contains a number of nanograins. Fig. 2 f exhibits iso- 

ated diffraction spots indicating that domain f at the "valley" of 

he adjacent dimple still remains the single grain with the size 

arger than 180 nm. Fig. 2 g also exhibits the diffraction pattern of 

ono-crystal indicating that the location away from the fracture 

urface keeps the original coarse microstructure. The above results 

re the representatives of tens of similar observations. 
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Fig. 2. TEM examinations of ductile dimples. ( a ) dimple morphology with red bar showing TEM sampling location by FIB, ( b ) BF image of the TEM sample, ( c ) DF image 

of box c in (b), and ( d - g ) SAD patterns for circular domains d-g in (b). 
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Another TEM sample was cut from a region of ductile dim- 

les for the further examination of micro- and nanostructure fea- 

ures. Fig. 3 a is an enlarged BF image showing the morphology of 

he tearing ridge and the surrounding region. High density dis- 

ocations are distributed in this image. Nanocrystalline morphol- 

gy appears in the ridge region, and the SAD pattern ( Fig. 3 b) of

olycrystalline indicates that several nanograins exist in the circu- 

ar domain b within the region. Subsequently, we measured the 

anograin size and obtained its distribution ( Fig. 3 c), showing the 

verage nanograin diameter of 14 nm. Furthermore, Fig. 3 d gives 

n image of HRTEM for box d within the ridge region in Fig. 3 a. It

s seen that nanostructure with GBs is visible in the region of the 

earing ridge. 

The results of Figs. 2 and 3 evidently indicate that nanograin 

ormation indeed occurs in the tearing ridge of ductile dimples. 

he size of nanocrystalline regions is of submicron scale between 

00 and 500 nm, where the nanograin size is about ten to several 

ens nanometers. For nanograined materials, the total area as well 

s the related specific fraction of GBs is extremely large, and then 
3 
Bs can consume a large amount of strain energy much more than 

hat in the case of coarse grained materials. It should be empha- 

ized that although the volume fraction of the GB region is very 

mall, the stored energy cannot be underestimated in comparison 

ith the whole region of the plastic deformed specimen. In this 

egard, the energy consumed by GBs and plastic deformation can 

e assessed by EBSD technique [30] . In fact, similar behavior of 

icrostructure refinement and nanograin formation also occurs in 

yclic cases, specifically inside the region of fatigue crack initiation 

or high-strength steels [ 31 , 32 ] and titanium alloys [ 33 , 34 ] under a

egative stress ratio of very-high-cycle fatigue. 

In cyclic loading, the microstructure refinement is governed by 

he NCP (numerous cyclic pressing) mechanism [31] , in which an 

ppropriate mode of applied stress and sufficient loading cycles are 

mphasized for the nanograin formation. In this context, for mono- 

onic tension, Fig. 4 schematically explains the process of grain size 

efinement by an LSPD mechanism. 

As shown in Fig. 4 a, when the applied tensile stress reaches the 

TS value, as the strain increases further, the tested material turns 
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Fig. 3. Further characterization of ductile dimples. ( a ) BF image of a dimple ridge, ( b ) SAD pattern for circular domain b in (a), ( c ) nanograin size distribution in the ridge 

region, and (d) HRTEM image of box d in (a). 
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o the stage of post uniform deformation, and the specimen will 

ecome necking. In the necking part of the specimen ( Fig. 4 a), the

ormal stress σ along the loading axis increases with the decrease 

f the cross section area. This is accompanied by the introduc- 

ion of triaxial stress state on the cross section of the necked part. 

n general, beyond the UTS point, the nucleated microvoids will 

row, gradually coalesce together and eventually lead to final frac- 

ure [ 14 , 17 ]. Fig. 4 b and c is SEM images of longitudinal sections b

nd c of a tested specimen within the necking part, with section 

 being experienced more severe necking process. Fig. 4 b shows a 

attern of void early growth containing several voids with three 

ndicated by arrows: two of several micrometers and the third one 

f submicron size in the EM matrix. Fig. 4 c shows a pattern of

oid coalescence containing the dimples resulted from the merged 

icrovoids. The internal crack of coalesced microvoids shown in 

ig. 4 c is about 80 μm in size, which is quite large in the case

f monotonic tension. For the void nucleation and growth under 

 triaxial stress state, the applied stress at far field is denoted as 
4 
i , and the local stress at the localized area of a growing dimple 

s σ v . According to the theories of stress concentration and elastic- 

lastic fracture mechanics, during the strain localization, σ v will 

end to a very large value at the dimple ridge as shown in Fig. 4 e.

or the mechanism of SPD [9–11] , the very large value of σ v will 

ause the related very high strain, which is quite sufficient to pro- 

uce nanograins at the ridge area. As noted, such an SPD process 

nly occurs in a relatively small region in the tearing ridge area of 

uctile dimples, so it is named as LSPD. 

In summary, we reported, the first time, nanograin formation in 

he tearing ridge of dimples on the fracture surface of a titanium 

lloy, which is very likely to happen in other ductile materials. 

uch type of nanograin formation is caused by the process of LSPD 

nder monotonic tension, which is a new kind of SPD mechanism. 

he process of microstructure refinement and nanograin formation 

s an essential part within the whole course of ductile fracture es- 

ecially in the post uniform deformation after specimen necking. 

ased on the present findings, one may have the prospect of de- 
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Fig. 4. Damage evolution and local severe-plastic-deformation at post uniform deformation regime. ( a ) schematic of longitudinal section of a necked specimen, ( b ) and 

( c ) SEM images of points b and c shown in (a), void nucleation ( d ), growth and coalescence ( e ) from necking to fracture. 
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igning a new series of metallic materials with high ductility by 

he in-situ strain energy consumption thanks to the process of mi- 

rostructure refinement and nanograin formation, which will hap- 

en in the stage of post uniform deformation caused by the mech- 

nism of LSPD at dimple ridges as an example. It is also antici- 

ated that this process of in-situ strain energy consumption by the 

rocess of microstructure refinement and nanograin formation may 

appen even in the uniform deformation stage. Thus it will create 

 plenty room for ductility improvement for metallic materials. 
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