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a b s t r a c t 

A novel strategy combining laser surface treatment, rolling and annealing (LST-RA) to produce gradient 

equiaxed grains is proposed and verified after applying to pure Zr sheet. Dense high angle boundaries 

(HABs) are first produced by the laser-induced rapid β→ α transformation in the surface layer of pure 

Zr while a considerable amount of stored energy is then introduced by 50% rolling. During subsequent 

annealing, the preexisting denser HABs facilitate generating more recrystallization nuclei in the surface 

layer than in the matrix through the strain induced boundary migration mechanism. This eventually re- 

sults in a gradient equiaxed grain structure from surface to interior of the pure Zr sheet. Furthermore, the 

fine-grained surface layer is found to have a weakened texture compared to the coarse-grained matrix. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Gradient materials are a group of materials that exhibit spa- 

ial gradients in local chemical composition, phase constitution 

r grain size [1-3] . In recent years, the introduction of a struc- 

ural gradient has been demonstrated to be capable of overcoming 

roperty limitations of conventional metallic materials with ho- 

ogeneous or random microstructures [4-7] . Specifically, gradient 

rains are noted to effectively alleviate stress concentrations dur- 

ng loading leading to exceptional strength-ductility synergy. There 

ave been several strategies explored by earlier researchers to pre- 

are gradient grain structures, namely surface mechanical attrition 

reatment [ 5 , 7 ], surface mechanical grinding treatment [ 8 , 9 ] and

epeated torsion [ 6 , 10 ]. Such strategies work mainly by introduc- 

ng plastic deformation to different extents from surface to inte- 

ior of metallic materials to generate grain-size gradients. How- 

ver, ultrahigh-density deformation defects usually exist in as-such 

rocessed surface layers leading to lamellar shaped (non-equiaxed) 

ne grains. Subsequent annealing results in rapid recrystallization 

ith grain coarsening in these fine-grained surface layers, lead- 

ng to coarse grains comparable to or even coarser than those in 

he interior region [11] . One could expect greatly improved struc- 

ural stability if there is a strategy to prepare gradient structures 
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ith defectless equiaxed grains in both the surface and the interior 

egions. Recrystallization annealing is well known as an effective 

eans to reduce structural defects in deformed metals. Sizes of 

ecrystallized grains are largely determined by their nucleation be- 

aviors that prefer to proceed at sites near high angle boundaries 

HABs) [12] . Denser preexisting HABs facilitate generating more 

uclei that could subsequently develop to be finer grains. This sug- 

ests that introducing HABs with varied densities from surface to 

nterior might be a key to produce gradient equiaxed grains during 

nnealing. 

Laser surface treatment (LST) has been well accepted as a fea- 

ible and effective surface modification method for many metal- 

ic materials [ 13 , 14 ]. Interestingly, our recent work [ 15 , 16 ] demon-

trated that the LST was able to produce high-density HABs in the 

urface layer of Zr alloys along with microstructural refinement. 

ence, in the present work, we design a novel strategy combining 

ST, rolling and annealing (LST-RA) to produce gradient equiaxed 

rain structures in pure Zr. 

The as-received material was a fully recrystallized pure Zr sheet 

ith impurities of ~1.15 wt.% Hf, ~0.15 wt.% O and < 0.08 wt.% 

e + Cr. Rectangular specimens with dimensions of 18, 12 and 2 

m along rolling, transverse and normal directions (denoted as 

D, TD and ND, respectively) were cut from the as-received sheet. 

fter surface cleaning, their RD-TD surfaces (both front and back 
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Table. 1 

Processing parameters of the employed LST. 

Parameters Values 

Laser power (W) 36 

Scanning speed (mm • s −1 ) 3 

Defocusing amount (mm) + 2 

Peak power (kW) 1 

Pulse duration (ms) 6 

Frequency (Hz) 6 

Power density (W • mm 

−2 ) 45.9 

Linear energy density (J • mm 

−1 ) 12 

Beam diameter (mm) 1 

Overlap (%) 50 
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Fig. 1. Microstructural characteristics of the LSTed specimen: (a) ECC image at low 

magnification; (b) magnified region B in (a); (c) magnified region C in (a); (d) EBSD 

IPF map (step size 0.2 μm) with black and silver lines representing HABs and LABs, 

respectively; (e) MAD histogram corresponding to region E in (d). Dashed lines in 

(a) roughly distinguish laser-modified regions and the matrix. 
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ides) were subjected to LST along RD in a pulsed laser device 

600W Nd:YAG) with processing parameters shown in Table 1 . 

ubsequently, the LSTed sheet was rolled at room temperature by 

% per pass to a thickness reduction of 50% (denoted as LST-R) 

nd then annealed at 550 °C for 1 h in a box furnace (denoted

s LST-RA). A schematic of these processing steps can be found 

n Fig. S1. Electron channel contrast (ECC) imaging and electron 

ackscatter diffraction (EBSD) techniques in a Zeiss Sigma HD field 

mission gun scanning electron microscope (FEGSEM) were then 

tilized to perform microstructural characterizations. The EBSD 

ystem consisted of a NordlysMax 2 detector (Oxford Instruments) 

ith Aztec 2.4 and HKL Channel 5 software packages used for data 

cquisition and post-processing analyses, respectively. Before ECC 

nd EBSD examinations, the to-be-analyzed surfaces (RD-ND plane) 

ere mechanically ground using SiC abrasive paper (30 0 0# in the 

nal step) and then electro-polished in a mixture of 10 mL per- 

hloric acid, 20 mL butyl cellosolve and 70 mL methanol at 20 V 

nd -30 °C for 40 s. 

Cross-sectional views of microstructures in the LSTed speci- 

en are included in Fig. 1 . Distinct from its matrix composed 

f equiaxed grains with relatively uniform sizes (8.5 ± 4.7 μm), 

ig. 1 a and b show that its surface layer (~200 μm in depth)

s comprised of α plates in either parallel or interlaced form 

mean plate width 1.1 ± 1.0 μm). Further observation reveals 

ltra thin twins ( < 100 nm) inside some plates (as arrowed in 

ig. 1 b), suggesting them to be twinned martensite produced by 

apid β→ α transformation [ 15 , 17 ]. From Fig. 1 a and c, a transi-

ion layer is observable between the surface layer and the ma- 

rix. It has the layer thickness of ~120 μm with mixed plates and 

ulk grains, corresponding to transformation microstructures af- 

er cooling from α+ β domains [18] . EBSD characterization for a 

ypical laser-modified region (including both the surface and the 

ransition layers) is displayed in Fig. 1 d, revealing high-density 

ABs separating fine plates as well as gradually changed grain 

tructures [15] . Such gradient structures should be related to tem- 

erature gradients produced in the LST, as revealed by numeri- 

al simulation (Fig. S2). Fig. 1 e presents a misorientation angle 

istribution (MAD) histogram corresponding to the boxed region 

 in Fig. 1 d, indicating that the majority of misorientations have 

igh angles concentrated on ~60 °. Meanwhile, there also exist 

wo minor misorientation peaks around 10 ° and 90 °. According to 

he Burgers orientation relationship (OR) ( { 0 0 01 } α// { 110 } β and 

 11 ̄2 0 > α// < 111 > β ) [19] , five possible misorientations can be

roduced between any two of α orientations transformed from 

ne β orientation, namely 10 . 5 ◦/ < 0 0 01 > , 60 ◦/ < 11 ̄2 0 > , 60 . 8 ◦/
 1 1 . 38 2 . 38 0 . 36 > , 63 . 3 ◦/ < 5 5 10 3 > and 90 ◦/ < 1 1 . 38 2 . 38 0 >

the last four belonging to high angle misorientations) [20] . After 

urther analyzing rotation axes of specific misorientations ( Fig. 1 e), 

hey are found to be consistent with those Burgers misorientations. 

hen the pure Zr specimen is irradiated by the pulsed laser beam, 

 layer of material near its surface will be rapidly heated to induce 

→ β transformation. As the pulse duration is very short, sufficient 
2 
eat extraction through the cold matrix (“self-quenching”) occurs 

eading to ultrafast β→ α cooling [16] . This produces fine plates 

martensite) in the surface layer of the LSTed specimen, and the 

bedience of Burgers OR during phase transformation gives rise 

o dense HABs. Similar grain boundary distribution characteristics 

ave also been observed in many Zr alloys after rapid β quenching 

 21 , 22 ]. 

Fig. 2 presents microstructures of both the surface layer and the 

atrix of the LST-Red specimen and a large number of low angle 

oundaries (LABs) appear inside both plate structures of the sur- 

ace layer and bulk grains of the matrix ( Fig. 2 a and b) suggesting

he introduction of high stored energy into both of them by the 

0% rolling. Meanwhile, the area density of HABs (2.69 μm 

−1 ) is 

ignificantly higher than that in the matrix (0.31 μm 

−1 ). Fig. 2 c 

nd d are kernel average misorientation (KAM) maps revealing mi- 

rostrains and stored energy in metals [23-25] . Average KAM val- 

es of the surface layer and the matrix are 2.05 ° and 2.04 °, respec- 

ively, markedly higher than that of the as-received material (0.24 °) 
ndicating a similar amount of stored energy accumulated inside 

hem during rolling. From MAD histograms in Fig. 2 e and f, the 

raction of HABs in the surface layer (44.65%) is found to be higher 

han that in the matrix (15.27%) consistent with those revealed by 

PF maps ( Fig. 2 a and b). Thus much denser HABs are retained in

he surface layer of the LST-Red specimen that are expected to play 

n important role during subsequent recrystallization. 
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Fig. 2. Microstructural characteristics of the LST-Red specimen: (a, c and e) EBSD 

IPF map (step size 0.2 μm), KAM map and MAD histogram in the surface layer, 

respectively; (b, d and f) EBSD IPF map (step size 0.5 μm), KAM map and MAD 

histogram in the matrix, respectively. The color codes in (a and b) are the same as 

that in Fig. 1 d. 
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Fig. 3. Microstructural characteristics of the LST-RAed specimen: (a) ECC image at 

low magnification; (b) magnified region B in (a); (c) magnified region C in (b), with 

arrows indicating fine SPPs; (d) magnified image of region D in (a); (e) EBSD IPF 

map (step size 0.5 μm) with the same color code as that in Fig. 1 d. 
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Microstructural characteristics of the LST-RAed specimen are 

hown in Fig. 3 , revealing gradient equiaxed grains with sizes grad- 

ally increasing from the surface to the interior. Fig. 3 b shows 

hat the prior plate structures in the surface layer are com- 

letely replaced by recrystallized structures (near-equiaxed grains) 

ith some second phase particles (SPPs) distributed linearly inside 

hese recrystallized grains. Such microstructural feature was ear- 

ier observed in a β-quenched and recrystallization annealed Zr al- 

oy attributed to preferential precipitation of supersaturated alloy- 

ng elements (Fe and Cr) along plate boundaries [26] . Most grains 

n the matrix also have near-equiaxed morphology ( Fig. 3 d) and 

 gradient distribution of grain sizes is presented from surface to 

nterior of the LST-RAed specimen ( Fig. 3 e). Quantitatively, the av- 

rage grain size in the top surface is 2.7 ± 1.8 μm that becomes 

uch larger in the matrix (5.3 ± 2.9 μm), and a gradual increase 

n grain size between them can be observed (see Fig. S3 for more 

esults). 

Sizes of recrystallized grains are known to mainly depend on 

ucleation density and growth rate with the latter essentially de- 

ermined by stored energy introduced by prior deformation. The 

urface layer and the matrix in the LST-Red specimen have very 

lose KAM values ( Fig. 2 c and d) indicating hardly any differences 

n stored energy between them. This suggests that different grain 

izes should be ascribed to varied densities of recrystallization nu- 

lei in these regions since recrystallization nucleation often closely 
3 
elates to preexisting HABs. When there is considerable difference 

n dislocation density on the two sides of a HAB, it tends to bulge 

nto the side with higher stored energy (dislocation density) until 

ecrystallization nuclei with stable sizes are formed. Such recrys- 

allization mechanism is termed as the strain induced boundary 

igration (SIBM) and has been verified to be the primary control- 

ing mechanism in Zr alloys deformed slightly or moderately (like 

0%-rolled) [ 27 , 28 ]. As HABs are preferred sites for nucleation in

his process, denser preexisting HABs must result in more recrys- 

allization nuclei [12] . Fig. 2 a and b show a higher density of HABs

n the surface layer than in the matrix, suggesting denser nuclei to 

e generated near the surface at the early stage of recrystallization 

nnealing. These nuclei initially grow rapidly driven by stored en- 

rgy. However, once they meet other recrystallized grains, the driv- 

ng force of boundary migration would be greatly reduced leading 

o suppressed growth [29] . For the LST-RAed specimen, recrystal- 

ization nuclei with varied densities in different regions gradually 

evelop to yield gradient equiaxed grain structures, i.e. fine grains 

n the surface layer and coarse grains in the matrix. 

Pole figures of various specimens/regions are presented in 

ig. 4 , which are derived from EBSD datasets with the same scan- 

ing area (including thousands of grains) to insure reliable textu- 

al comparisons. Fig. 4 a shows that the as-received specimen has 

 typical bimodal basal texture with the basal maxima (5.5 times 

f random) tilted about ±20-40 ° from the ND toward the TD [30] . 

eanwhile, < 10 ̄1 0 > or < 11 ̄2 0 > of most of the grains are aligned 

lose to the RD. For the LSTed specimen, however, distinct textu- 

al characteristics are observed for the surface layer, that is, con- 

iderably decreased textural intensity with largely scattered ori- 
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Fig. 4. Pole figures of (a) the as-received specimen and (b) the surface layer of the LSTed specimen, (c and d) matrix and surface layer of the LST-Red specimen, and (e and 

f) matrix and surface layer of the LST-RAed specimen, with each one calculated using EBSD dataset with scanning area larger than 0.5 mm 
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ntations ( Fig. 4 b). Such changes should be related to the pres- 

nce of multiple variants generated by rapid α→ β→ α transfor- 

ation (high heating/cooling rates help suppress variant selection) 

31] . Fig. 4 c reveals that the initial texture is well maintained in

he matrix of the LST-Red specimen except for a slightly intensi- 

ed < 10 ̄1 0 > // RD component, consistent with typical rolling tex- 

ures of Zr alloys [32] . For the surface layer of the LST-Red spec-

men ( Fig. 4 d), however, the 50% rolling makes c-axes of most 

rains to be aligned near the ND (ring-like distribution), with 

he < 10 ̄1 0 > // RD component intensified as well. Previous stud- 

es [ 30 , 33 ] demonstrated that during rolling at room temperature, 

winning was difficult to be activated in pure Zr sheet with a typi- 

al bimodal basal texture and plastic strains could only be accom- 

odated by slip (prismatic, basal and pyramidal). In the present 

ork, the microstructural characteristics revealed in Fig. 2 suggest 

extural characteristics of both the surface layer and the matrix of 

he LST-Red specimen also result from active slip. After annealing 

t 550 °C for 1 h, no considerable textural changes are found for 

he matrix ( Fig. 4 e). In contrast, the textural intensity of the sur-

ace layer is significantly decreased, with c-axes of most grains dis- 

ributing on the ND-TD plane and the < 10 ̄1 0 > // RD component 

etained. An important feature of the SIBM mechanism is that new 

ecrystallized grains often inherit prior orientations present in de- 

ormed structures [ 12 , 34 ], which explains the textural similarity of 

he matrix before and after annealing ( Fig. 4 c and e). For the sur-

ace layer, however, greatly scattered orientations are produced by 

he LST. Although the 50% rolling produces some preferred orien- 

ations, there are still many more scattered orientations in the sur- 

ace layer compared to those in the matrix. As a result, the SIBM 

echanism allows new recrystallized grains to have more orienta- 

ions in the surface layer during subsequent annealing giving rise 

o a more scattered and weaker texture. 

In summary, a novel LST-RA strategy is demonstrated to be able 

o introduce gradient equiaxed grains into pure Zr sheet. The LST 

s first utilized to produce high-density HABs in the surface layer 

nd then 50% rolling is performed to introduce stored energy. Dur- 

ng subsequent annealing, significantly more recrystallization nu- 

lei are generated in the surface layer due to the preexisting denser 

ABs. Gradient equiaxed grain structures with grain sizes increas- 

ng from surface to interior are eventually developed. We further 

emonstrate that this strategy allows the surface layer to have a 

eaker texture than the matrix. It is anticipated that the LST-RA 

trategy should also be applicable to many other materials (like 

teels and Ti alloys) and further optimized gradient structures (Fig. 

 

4 
3) could be obtained after adjusting processing variables (e.g. LST 

arameters, rolling reduction, annealing temperature and time). 
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