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a b s t r a c t 

Grain boundary engineering (GBE) is a thermomechanical processing strategy to enhance the phys- 

ical and mechanical properties of polycrystalline metals by purposely incorporating special types of 

grain boundaries—such as twin boundaries (TB)—in the microstructure. Because of the multiple strain- 

annealing cycles involved, conventional GBE is not directly applicable to near-net-shape parts, such as 

those produced via additive manufacturing (AM) technology. In this study, we explore a different GBE 

processing route that leverages TB multiplication during recrystallization of austenitic 316L stainless steel 

produced via selective laser melting (SLM). We find that recrystallization requires a minimum level of me- 

chanical deformation, which scales with the laser scanning speed employed during SLM. We ascribe this 

relationship to the cell size and the amount of solute segregating at cell boundaries during rapid solidifi- 

cation, which are inversely and directly proportional to the laser scanning speed, respectively. The coarser 

the cell structure and the more uniform the chemical composition, the easier the nucleation and growth 

of recrystallized grains. Our results provide the groundwork for devising AM-compatible GBE strategies 

to produce high-performance parts with complex geometry. 
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1. Introduction 

Grain boundary engineering (GBE) encompasses different ma-

terial processing methods that impart polycrystals with a large

number fraction of “special” grain boundaries (GBs), such as twin

boundaries (TBs) and other GBs with low energy [1,2] . In metals

and metal alloys, GBE results in markedly improved GB-controlled

properties, including ductility [3] , fatigue [4] , corrosion resistance

[5] , and diffusion [6] . Conventional GBE methods generally involve

multiple strain-annealing cycles on plates or sheets of material

that are subsequently machined or formed into a final product

[7,8] . 

Because materials undergo copious plastic deformation during

these treatments, it is difficult to apply GBE to near-net-shape

parts—including those produced by metal additive manufacturing

(AM) [9] —without modifying their geometry substantially. How-
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ver, devising a GBE method that is compatible with AM would en-

ble the direct production of high-performance parts with complex

eometry which require minimal follow-on processing. To achieve

his goal, different studies have proposed to integrate the mechan-

cal treatments necessary for GBE—such as rolling [10] and peening

11] —during the layer-by-layer AM process, or to selectively add

aterial on parts that already underwent mechanical processing

12] . These hybrid manufacturing strategies, however, pose several

hallenges that arise from the large and repeated plastic deforma-

ions involved, or the thermal stresses that result from the local-

zed heat sources employed, which may change the target geome-

ry substantially or compromise materials properties. 

An alternative approach is that of employing specialized heat

reatments (HT) to manipulate the GB character distribution

GBCD) in as-built AM parts [13,14] . Previous works have demon-

trated that HT used to relieve residual stresses [15] , homogenize

icrostructure [16] , or modify phase fractions [17] also have an

mpact on the GBCD. However, a mechanistic understanding of
under the CC BY-NC-ND license  4.0
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Fig. 1. (a) SLM-produced 316L SS cylinders. (b) Schematic illustration of scanning strategy adopted in the experiments. (c) An electron micrograph showing the location from 

where TEM lamellae were taken with respect to the melt pool boundary. 

Table 1 

Chemical composition of the as-received 316L SS powder (in wt%). 

Ni Cr Mo Si Mn C P Cu Fe 

12.60 17.70 2.67 0.73 1.64 0.027 0.010 0.15 Bal. 
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c  
ow the GBCD changes upon HT and as a function of the initial

M microstructure is still lacking. 

Here we present a systematic recrystallization study of 316L

tainless steel (316L SS) produced by selective laser melting (SLM)

o identify a suitable processing route that enables GBE of AM ma-

erials in one single iteration—as opposed to using multiple, layer-

y-layer straining cycles. In low stacking fault energy metals such

s 316L SS, recrystallization leads to copious TB multiplication [18] .

e investigate the critical amount of externally applied plastic

train that is required to trigger the recrystallization process and

elate it to the TB length fraction in the microstructure. We also

tudy how the laser scanning speed used in the SLM process af-

ects the onset and extent of recrystallization. We find that recrys-

allization requires a minimum level of mechanical deformation,

hich scales with the laser scanning speed. After ruling out the ef-

ects of residual stress, crystallographic texture, grain size, and geo-

etrically necessary dislocation (GND) density, we ascribe this re-

ationship to the solute-decorated cellular structure that forms dur-

ng solidification of the alloy, whose size and chemical composition

ictates nucleation and growth of recrystallized grains. Decreasing

he laser scanning speed gives rise to coarser cells and lower so-

ute segregation, which promote deformation twinning and enable

ecrystallization at lower strain levels. Our results open the path

o GBE of 316L SS parts with improved performance—such as en-

anced corrosion resistance [8,19] —using a combination of specific

LM process parameters and post-production HT. 

. Experimental 

We produced 316L SS cylindrical specimens (6.0 mm in diame-

er and 3.3 mm in height) from gas atomized powder with nominal

omposition shown in Table 1 and particle size ranging from 5 μm

o 23 μm. We 3D-printed the specimens (shown in Fig. 1 a) using

 custom-made SLM machine equipped with a 100 W continuous

ave IPG fiber laser with 1070 nm wavelength. We set laser power

o 60 W, beam diameter to 15 μm, hatch spacing to 20 μm, pow-

er layer thickness to 10 μm, and a variable scanning speed rang-

ng between 400 mm/s and 800 mm/s. All experiments were car-

ied out in nitrogen atmosphere. We chose a unidirectional scan-

ing strategy in each layer and rotated the scanning direction by

0 ° after each layer, as shown schematically in Fig. 1 b. 
We divided all specimens into three batches, which we used for

ifferent experiments. The first batch comprised specimens manu-

actured at constant laser scanning speed of 600 mm/s. We used

his first batch to study recrystallization at different macroscopic

train levels (i.e. 0%, 2.7%, 5.4%, 7.7%, 10%, 15%, 20%, 30%, and

0%). The second batch comprised specimens manufactured us-

ng 400 mm/s, 600 mm/s, and 800 mm/s as laser scanning speed.

e compressed all specimens from this second batch up to 8.6%

nd 20% strain. We used these samples to investigate changes in

ecrystallization as a function of laser scanning speed. The third

atch consisted of specimens produced at constant volumetric en-

rgy density (VED), but different laser power to scanning speed ra-

io (i.e., 40 W/ 400 mm/s, 50 W/ 500 mm/s and 70 W/ 700 mm/s).

e compared the results obtained on this third batch with those

f the second batch to decouple the role of VED from that of laser

canning speed on recrystallization. 

We carried out all compression tests at a constant strain rate of

.5 mm/min using an Instron universal testing system. To induce

ecrystallization, we heat treated the specimens—as-built, as well

s those deformed from three batches—at 1050 °C for 30 min in

n Elite laboratory chamber furnace. This annealing temperature is

ften used for solution treatment as well as for GBE of stainless

teel [5,8,20] . All the HT were followed by air cooling. 

We cut the specimens along the cross-section containing the

uild direction (BD) and laser scan direction (SD1) and prepared

he specimen surface following standard metallographic proce-

ures. We characterized the microstructure by means of scanning

lectron microscopy (SEM) and electron back-scatter diffraction

EBSD) techniques, using a JEOL 7600 field emission microscope.

e employed EBSD to assess GB statistics and GND densities us-

ng a step-size of 1 μm and 0.5 μm, respectively. We analyzed and

lotted the raw EBSD data using the software Channel 5 (by Oxford

nstruments) and MTEX 5.3, which is a comprehensive and free

ATLAB toolbox for analyzing and plotting crystallographic quan-

ities [21] . We classified GBs according to their misorientation into

ow angle grain boundaries (LAGBs), high angle grain boundaries

HAGBs), and twin boundaries (TBs). LAGBs range between 2 ° to

5 °, while HAGBs are characterized by a misorientation angle > 15 °.
Bs are defined as �3 coincidence site lattice boundaries with mis-

rientation angle and axis of 60 ° and 〈 111 〉 , respectively. We used

randon’s criterion to account for slight angular deviations from

he nominal TB misorientation ( 15 ◦/ 
√ 

3 = 8.66 °) [22] . All GB frac-

ions computed in this work are length fractions. To study the so-

idification structure of 316L SS, we further etched the polished

pecimens to make the cells visible under SEM, using a solution of

ydrofluoric and nitric acid (HF: HNO 3 : H 2 O = 1:4:45) for 20 min. 

We employed X-ray diffraction (XRD) to identify phases and

ompute residual stresses in the as-built 316L SS specimens as
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Fig. 2. As-built microstructure of 316L SS produced using a scanning speed of 600 mm/s. (a) High magnification BSE micrograph showing a typical zig-zag grain structure. 

(b) KAM map computed from the raw EBSD data. (c) and (d) GB maps showing the distribution of LAGBs, HAGBs, and TBs in a representative as-built and heat-treated 

specimen, respectively. 
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a function of laser scanning speed. We performed the measure-

ments on an area in the middle of the sample cross-section us-

ing an X-Ray diffractometer (Panalytical Empyrean XRD) equipped

with a CuK α ( λ = 1.5406 Å) source at 30 kV. For phase identifi-

cation, we acquired 2 θ scans ranging from 40 ° to 100 ° in steps

of 0.013 °. We computed residual stresses using the ‘ d vs. sin 

2 � ’

method from (311) planes detected within a 2 θ range between 88 °
and 93 ° over 10 different tilting angles ( �). For the calculation, we

set the Young’s modulus and Poisson’s ratio to 171 GPa and 0.28,

respectively. 

To characterize the cellular structure in detail and map differ-

ences in solute segregation as a function of laser scanning speed

in the as-built samples, we carried out energy-dispersive X-ray

spectroscopy (EDX) in scanning transmission electron microscopy

(STEM) mode using a JEM-GrandARM aberration-corrected trans-

mission electron microscope (TEM) operated at 300 kV. We cut

TEM lamellae from the samples by means of a ZEISS Crossbeam

540 focused ion beam (FIB) using gallium as ion source. Because

variations in cell growth direction and solidification velocity within

individual melt pools may affect the comparison between cell

structures in different samples, we cut the TEM lamellae from

grains with the same crystallographic orientation ( 〈 110 〉 parallel to

the BD and 〈 001 〉 parallel to SD2) and at the same distance from

the melt pool fusion boundaries, as shown in Fig. 1 c. 

3. Results 

3.1. As-built and HT 316L SS microstructure 

Fig. 2 a shows the back-scattered electron (BSE) micrograph

along the BD-SD1 cross section of an as-built specimen produced
sing a scanning speed of 600 mm/s. We observe zig-zag columnar

rains that grow epitaxially across multiple melt pools (some melt

ool boundaries are highlighted by the dashed lines in Fig. 2 a).

his grain morphology is often found in additively manufactured

ace centered cubic (FCC) metals when employing alternating scan-

ing strategies [23,24] , which continuously revert the direction of

he thermal gradient across successive layers [25] . 

Figs. 2 b and 2 c show the kernel average misorientation (KAM)

ap and GB network computed from the raw EBSD data on the

ame cross-section, respectively. The KAM map plots the average

isorientation between every pixel and a kernel of surrounding

ixels. A visual comparison between these two maps qualitatively

uggests that local misorientations coincide with the occurrence of

AGBs, which account for ~70% of all GBs in this microstructure.

n addition to those, we measure ~2.3% TBs and ~27.7% HAGBs. Be-

ause of the rapid solidification conditions [26] , SLM-produced ma-

erials often exhibit microstructures consisting of large numbers of

AGBs [27] , which form upon coalescence of cells or dendrites that

ccumulate misorientation as they grow [28,29] . As a result, these

egions are rich in GNDs, which provide the strain energy required

o drive recrystallization. 

We heat treated the as-built specimens to 1050 °C for 30 min to

nvestigate whether the as-built GND density is sufficient to trigger

ecrystallization. The result, shown in Fig. 2 d, indicates that only a

ew areas (circled in yellow) actually recrystallize, yielding a minor

ncrease in the overall TB fraction from 2.3% to 3.9%. We conclude

hat the stored strain energy in the as-built alloy is insufficient to

rigger complete recrystallization. To increase the amount of stored

nergy and enable recrystallization during HT, we explore two dif-

erent routes: (1) mechanically introducing plastic strain into the

s-built specimens before HT (batch 1 experiments), and (2) in-
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Fig. 3. Deformed 316L SS microstructures: (a) and (b) BSE micrographs and (c) and (d) corresponding KAM maps of samples deformed up to 2.7% and 7.7% strains, respec- 

tively. (e) Estimated average GND density as a function of plastic strain. 
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reasing the initial stored energy by varying SLM process parame-

ers (batch 2 experiments). 

.2. Recrystallization upon plastic deformation 

We compress batch 1 specimens to different levels of strain

i.e. 2.7%, 5.4%, 7.7%, 10%, 15%, 20%, 30%, and 40%) and investigate

he corresponding fraction of recrystallized microstructure and TB

raction. The BSE micrographs in Fig. 3 show distinct differences

n the deformed microstructure depending on the applied strain.

t 2.7% strain ( Fig. 3 a), we observe no obvious difference from
he as-built microstructure ( Fig. 2 a), since the dominant deforma-

ion mechanism is dislocation slip. As the external strain increases

o 7.7%, however, we observe deformation twinning ( Fig. 3 b). The

AM maps corresponding to these two strain levels are shown in

igs. 3 c and 3 d, respectively. Qualitatively, we observe a denser and

ore uniform orientation spread across the specimen surface as

he strain level increases. To convert local misorientation into GND

ensity, we use [30] : 

= 

αθ
(1) 
X b 
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Fig. 4. (a) GB maps and GBCD/recrystallization analysis of the GBE batch 1 specimens. (b) and (c) high magnification BSE micrographs of GBE specimens strained at 5.4% 

and 20%, respectively. 
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Here, α= 2 for LAGB (tilt boundaries), θ is the local misorientation

angle, X corresponds to the EBSD scan step-size used to compute

the KAM map, and b is the magnitude of Burgers vector. Using

Eq. (1) , we plot the average GND density versus strain level (from

0% to 10%) in Fig. 3 e. In the as-built microstructure (0% strain), the

estimated average GND density equals 1.5 × 10 14 m 

− 2 , which

is comparable to that typically found in lightly deformed or ice-

quenched FCC metals [31-33] . As the mechanically induced strain

increases, the average GND density grows up to 2.8 × 10 14 m 

− 2 ,

about twice that estimated in the as-built material. Because of the

distorted lattice in highly strained specimens, we could not char-

acterize specimens deformed beyond 10% strain by means of EBSD.

We annealed the compressed specimens from batch 1 using the

same HT detailed in Section 3.1 and assessed the GBCD in the re-

sulting GBE specimens by means of EBSD. Fig. 4 a plots the frac-

tions of recrystallized microstructure, LAGB, and TB for all GBE

specimens. All curves show major changes in the microstructure

between 5% and 15% strain. Beyond 15% strain, the GBCD reaches

a plateau with a TB fraction of ~40%. The EBSD GB map of the
BE specimen strained up to 20% shows a completely recrystallized

icrostructure comprising uniformly distributed TBs and equiaxed

rains with average size of 10 μm ( Fig. 4 c). Conversely, at lower

train levels we find patches of recrystallized areas with high TB

ontent surrounded by a columnar microstructure that is rich in

AGBs ( Fig. 4 b) and that is similar to the one found in as-built

pecimens ( Fig. 2 a). 

Interestingly, the inflection point in the GBCD and recrystal-

ization curves is around 7% strain, which matches the onset of

eformation twinning we observe from the BSE micrographs in

ig. 3 b. Taken holistically, the results presented in Fig. 4 suggest

hat recrystallization in SLM-produced specimens is function of

oth the GND density—which can be controlled via mechanical

eformation—as well as the presence of deformation twins in the

icrostructure. The latter are barriers to dislocation motion upon

urther deformation and thus increase local misorientation, which

acilitates nucleation of recrystallized grains [34,35] . While 7.7%

train produces deformation twins in our SLM specimens, it does

ot yield sufficiently large GND densities to complete the recrystal-
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Fig. 5. (a) TB fraction versus scanning speed in SLM-produced 316L SS after GBE involving 0%, 8.6%, and 20% strain. Representative GB maps for GBE specimens produced 

using (b) 60 W/ 400 mm/s and (c) 60 W/ 800 mm/s and strained up to 8.6%. 
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a  
ization process. Larger deformations overcome this limitation, but

hey cause significant deviations from the target geometry, which

re difficult to compensate in an actual AM process. In the follow-

ng section, we explore other strategies to increase GND densities

t lower strains and compromise between recrystallization and de-

ormation. 

.3. Influence of AM parameters on GBE 

The results presented in Section 3.2 are function of the mi-

rostructure of batch 1 specimens. In other words, the strain

hreshold beyond which we achieve full recrystallization depends

n the GBCD and inherent GND density generated during that

pecific SLM process. To investigate the connection between SLM

rocess parameters and the onset and extent of recrystallization,

e perform similar GBE experiments on two additional batches of

pecimens, which we produced using different SLM parameters. 

Fig. 5 shows how the TB fraction changes in three sets of SLM

16L SS specimens produced using constant laser power (60 W)

ut variable laser scanning speed (40 0 mm/s, 60 0 mm/s, and

00 mm/s). Under all three GBE conditions (0%, 8.6%, and 20%

train) we find that a slower scanning speed yields larger TB frac-

ion. In both the as-built (0% strained) and 20% strained GBE spec-

mens (the black and blue curves in Fig. 5 a), we record minor dif-

erences in TB fraction as a function of scanning speed. Conversely,

he TB fraction varies significantly as a function of laser scanning

peed when deforming the specimens up to 8.6% strain (the red

urve in Fig. 5 a). The TB fraction in this set of samples reaches a

aximum of ~36% at the slowest laser scanning speed (400 mm/s),

hile it decreases to ~21% as the scanning speed is doubled. Note-

orthy is that the relative increase in TB fraction from 400 mm/s

o 800 mm/s when compressing the specimens up to 20% (the blue
urve) is only marginal compared to what we measure in 8.6%

trained specimens (the red curve). In other words, the effect of

aser scanning speed on recrystallization is more significant at low

train levels—which are more suitable for GBE of near-net-shape

aterials. These differences are also evident by comparing the GB

aps in Figs. 5 b and 5 c. 

Because we kept laser power constant during SLM of batch 2

pecimens, the nominal VED value—which is proportional to the

atio of laser power to laser scanning speed [36] —decreases with

ncreasing scanning speed. To confirm that the recrystallization be-

avior of SLM 316L SS shown in Fig. 5 is dictated by the laser

canning speed rather than by the energy input, we repeated our

BE experiments (up to 10% strain) on a third batch of specimens

omprising three sets of samples produced using a constant VED

f 500 J/mm 

3 , but variable laser scanning speed of 400 mm/s,

00 mm/s, and 700 mm/s. The EBSD GB maps and corresponding

B fractions shown in Fig. 6 confirm the same trend found in batch

; namely that lower scanning speed leads to a higher recrystal-

ization fraction. 

.4. Effect of laser scanning speed on the as-built microstructure 

To unveil the mechanisms governing recrystallization of SLM

16L SS, we analyze the microstructural features which are known

o affect this process—including GND density, phase content, resid-

al stresses, crystallographic texture, grain size, and solidification

tructure—and compare them in the two specimens that exhibit

he most extreme differences in recrystallization behavior; namely

hose produced using a 400 mm/s and 800 mm/s laser scanning

peed (see Fig. 5 ). 

We use the EBSD data to compute the GND density in the

s-built samples (i.e. 0% strain) similar to what we present in
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Fig. 6. Representative GB maps for GBE specimens produced using a constant VED of 500 J/mm 

3 but variable laser scanning speed. 

Fig. 7. (a) Computed average GND densities in as-built 316L SS specimens as a function of laser scanning speed. (b) XRD patterns of as-built 316L SS produced by 400 mm/s 

and 800 mm/s. (c) XRD residual stress analysis on as-built, HT, and GBE 316L SS produced by 400 mm/s and 800 mm/s. 
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Section 3.2 and note that it increases slightly with laser scanning

speed ( Fig. 7 a). This result is consistent with previous findings,

which correlate slower scanning speeds with slower cooling rates

[37,38] and thus lower GND densities [39,40] . The minor changes

in GND density across the three sets of samples may come from

the fact that all specimens were produced using the same laser

power (60 W). A slower scanning speed in these experiments leads

to a higher energy input, which may also contribute to the gener-

ation of GNDs [41] by inducing larger volume shrinkage upon so-

lidification of the melt pool [42] . To decouple the effects of laser

scanning speed from VED on GND density, we carry out the same

analysis on batch 3 specimens (produced at constant VED but vari-

able laser scanning speed). We find a similar trend to that shown
n Fig. 7 a, with GND densities going from ~ 1.25 × 10 14 m 

− 2 to

1.56 × 10 14 m 

− 2 in specimens produced using laser power to

aser scanning speed ratio of 40 W/400 mm/s and 70 W/700 mm/s,

espectively. 

The XRD patterns taken from the two specimens indicate no

ifferences in phase content and that both samples are made of

ustenitic 316L SS ( Fig. 7 b). It is known that a high laser scan-

ing speed in SLM alloys may result in significant residual stress

wing to the high local cooling rates involved [43] . Our XRD mea-

urements confirm this trend, with the specimen produced using

 laser scanning speed of 800 mm/s showing higher compressive

esidual stress than that produced at 400 mm/s. Upon HT (i.e.

ithout applying any mechanical deformation), we record ~75%
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Fig. 8. As-built grain orientation maps, inverse pole figures and GBE grain orientation maps along compression direction of 316L SS using (a) 400 mm/s and (b) 800 mm/s. 
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nd ~90% stress relaxation in the specimens when using a slow

nd fast laser scanning speed, respectively. We find the same trend

fter performing GBE involving 8.6% mechanical strain. 

Fig. 8 shows the crystallographic texture analysis found in the

s-built specimens by means of EBSD. Both samples exhibit a

trong 〈 101 〉 texture along the BD, which is commonly seen in

LM 316L SS [24] . An additional, minor 〈 001 〉 texture component is

isible in the specimen produced using a laser scanning speed of

00 mm/s. From the as-built grain maps in Fig. 8 , we compute an

verage grain size of ~37 μm and ~33 μm in the specimens pro-

uced using a slow and fast laser scanning speed, respectively. The

rain maps from the GBE specimens (strained up to 8.6%) shown

n Fig. 8 correspond to the GB maps presented in Figs. 5 b and 5 c.

 visual comparison between these two figures suggests that all

on-recrystallized areas consist of 〈 101 〉 textured grains. 

Fig. 9 shows the STEM and SEM analysis of the cellular struc-

ure found in specimens produced using different laser scanning

peed. These structures are the results of constitutional undercool-

ng during rapid solidification [44] , and are commonly observed

n metal alloys produced by SLM [45] . EDX-STEM on the speci-

ens produced using a laser scanning speed of 400 mm/s and

00 mm/s show that cell boundaries are depleted in iron (Fe) and

ich in chromium (Cr) and molybdenum (Mo) ( Fig. 9 a and 9 b, re-

pectively). This result is consistent with previous works on SLM

f 316L SS [27,46] and is attributed to the larger partition coef-

cient of Cr and Mo [47] , which segregate at the solid/liquid in-

erface during rapid solidification [48] . Interestingly, we measure a

ignificantly different Cr and Mo to Fe ratios at cell boundaries in

he two specimens. By taking line-scans across six cell boundaries,

e compute a Cr/Fe and Mo/Fe X-ray intensity ratios that are re-

pectively ~20% and ~70% higher at cell boundaries than in the cell

nterior in the specimen produced using 800 mm/s laser scanning

peed. Conversely, the intensity ratios in the sample produced us-
ng 400 mm/s laser scanning speed are, respectively, around 10%

nd 30%. larger at the cell boundaries compare to the cell interior

atios. 

Because of the higher resistance to chemical attack brought

bout by Cr and Mo, the solute-decorated cell boundaries protrude

rom the surface of chemically etched samples, making the cellular

tructure readily visible by SEM ( Fig. 9 c). We compute the average

ell size in the SLM 316L SS specimens produced at different laser

canning speeds to be 450 nm at 400 mm/s, 420 nm at 600 mm/s,

nd 320 nm at 800 mm/s. To ease the comparison of cell size

cross the three specimens, we select grains of similar crystallo-

raphic orientation (i.e. 〈 110 〉 parallel to the BD and 〈 111 〉 parallel

o SD2). These results are in line with the common understanding

hat a fast laser scanning speed leads to high cooling rate and thus

ner cellular structure [9] . Using the cell spacing values, λ (μm),

easured by SEM, we estimate the cooling rate, ˙ T , in stainless

teel following the empirical relationship λ = 80 · ˙ T −0 . 33 [49,50] .

e find cooling rates of the order of 2 × 10 7 K/s and 6 × 10 6 

/s in specimens produced using 800 mm/s and 400 mm/s laser

canning speed, respectively. 

. Discussion 

Both stored energy deriving from the accumulation of disloca-

ions and local strain gradients are required to trigger recrystalliza-

ion [34] . As-built metal specimens produced by SLM typically ex-

ibit large numbers of dislocations that are uniformly distributed

cross the volume [27,46] . These dislocations, however, are for the

ost part statistically stored dislocations [27,51] , which—by con-

rast to GNDs—do not generate lattice misorientation [52,53] and

hus do not contribute to the nucleation of recrystallized grains.

hat is the reason why as-built specimens show < 5% TB fraction

nd negligible recrystallization upon HT ( Fig. 2 d). 
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Fig. 9. STEM-EDX results showing the chemical compositions and distribution of segregation cells in (a) 400 mm/s and (b) 800 mm/s. The line profiles shown in the right 

column correspond to the marked line of the Cr/Fe and Mo/Fe integrated X-ray intensity ratios. (c) Secondary electron micrographs showing the cellular structures in grains 

with same crystallographic orientation from SLM 316L SS produced using a scanning speed of 400 mm/s, 600 mm/s and 800 mm/s. 
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To study the recrystallization process in SLM-produced 316L

SS, we performed a series of compression tests using increasingly

larger strains ( Fig. 4 ). Mechanical deformation both raises the driv-

ing force for recrystallization—by increasing the GND density—and

provides local strain gradients required to nucleate recrystallized

grains—by introducing deformation twins, which act as barriers

to dislocation slip and thus lead to local dislocation accumulation

[54,55] . Our results indicate that deformation twinning becomes

an available deformation mechanism at strain levels around 7.7%.

However, only ~80% of a GBE 316L SS specimen strained up to 7.7%

recrystallizes, leading to a TB fraction of ~32%. This result suggests

that the stored energy in the 7.7% strained microstructure is insuf-

ficient to drive full recrystallization. 

To investigate how to increase the recrystallized fraction of 316L

SS without relying on further mechanical deformation, we pro-

duced a second batch of specimens using different laser scanning

speed. We find that the recrystallized fraction is highest in GBE

specimens produced using a slower scanning speed ( Fig. 5 ). This

trend is particularly obvious at lower strain levels; highlighting

the opportunity to engineer the GBCD of alloys produced by AM

without extensive mechanical deformation. To elucidate the mech-

anisms governing recrystallization of SLM 316L SS, and to under-

stand the role of laser scanning speed on the GBE process, we

analyze the differences in microstructure between the specimens

which exhibit the most distinct recrystallization behavior; namely

those produced using 400 mm/s and 800 mm/s laser scanning

speed. The results, which we report in Section 3.4 , point at the

cellular structure—namely the cell size and the extent of solute
egregation at cell boundaries—as the determining factor govern-

ng the recrystallization process. Fig. 9 shows that a faster laser

canning speed yields finer cells and higher solute trapping at cell

oundaries. The latter is caused by the shorter time available for

olute to diffuse out of the cell boundary into the Fe matrix, and is

ypically associated with faster solidification rates [56] . This solute-

egregation network has been shown to significantly hinder recrys-

allization nucleation [57,58] and slow down GB migration [59,60] .

he denser and richer in solute the network, the higher the driving

orce required for recrystallization. Thus, the finer and “stronger”

solute-segregation cellular structure found in the specimen pro-

uced using 800 mm/s laser scanning speed yields limited recrys-

allization. 

Another effect brought about by the segregation of solute in

apidly solidified alloys is the propensity of the alloy to undergo

eformation twinning upon mechanical straining, which—as we

how in Section 3.2 —is propaedeutic for GBE of SLM 316L SS. On

he one hand, local variations of chemical composition may affect

he alloy stacking fault energy (SFE) and deformation mechanism

61] . Indeed, low SFE materials are more prone to undergo defor-

ation twining rather than cross-slip owing to the restricted dis-

ocation motion caused by the presence of stacking faults. On the

ther hand, the solute-decorated cell boundaries can act as disloca-

ion sinks and may be able to accommodate large strains [27] , thus

ncreasing the critical stress necessary for twinning and hindering

he formation and growth of deformation twins [62] . In Fe-Cr-Ni

tainless steels, such as that which we use in this study, the SFE

s susceptible to the Mo content in the alloy [61,63] . Because Mo
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Fig. 10. BSE micrographs of 8.6% strained specimens produced using laser scanning speed of 400 mm/s and 800 mm/s. A visual comparison between the two micrographs 

suggests a higher number of deformation twins in the sample produced using a slower scanning speed. 
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oncentration in the matrix slightly decreases with increasing laser

canning speed ( Fig. 9 a and 9 b), we would expect to find higher

umber of deformation twins in samples produced using a laser

canning speed of 800 mm/s. By contrast, we qualitatively observe

 larger fraction of deformation twins in specimens produced using

lower laser scanning speed ( Fig. 10 ). This evidence suggests that

 finer and “stronger” solute-segregation cellular structure hinders

eformation twinning and retards the onset of recrystallization. 

Therefore, we conclude that the fraction of recrystallized

aterial—and thus the TB fraction—in GBE specimens produced us-

ng a scanning speed of 400 mm/s and strained up to 8.6% is the

ighest ( Fig. 5 b) because of the combined presence of larger num-

er of deformation twins, which facilitate the nucleation of recrys-

allized grains, and a “weaker” and sparser solute-segregation net-

ork, which does not hinder grain growth. 

Noteworthy is that the TB fractions measured in the specimens

roduced at different laser scanning speeds and strained up to 8.6%

the red curve in Fig. 5 a) follow the same trend found in the corre-

ponding average cell size measurements ( Fig. 9 c). Specifically, the

pecimens produced at 400 mm/s and 600 mm/s have similar TB

raction and cell spacing, which are both larger than those in the

pecimens produced at 800 mm/s. Another interesting observation

s that the recrystallization hindrance brought about by the solute-

egregation network becomes less significant as GBE specimens are

eformed up to higher strain levels ( Fig. 5 a). We speculate that this

ffect stems from the larger GND density and more activated de-

ormation twinning introduced in all specimens produced using re-

pective scanning speed at strains as large as 20%, which can over-

ome the effects of the solute-segregation network on deformation

winning and the growth of recrystallized grains. Conversely, the

ND densities and the amount of deformation twins in the as-

uilt samples are not large enough to drive full recrystallization.

nterestingly, the GND density increases with laser scanning speed

 Fig. 7 a). Thus, the recrystallization trends illustrated in Fig. 5 can-

ot be attributed solely to differences in stored energy deriving

rom GND densities since these two quantities are anticorrelated. 

Other possible factors influencing recrystallization include alloy

hase content, residual stress, grain size, and crystallographic tex-

ure. In our experiments, however, none of these features scales

nversely with laser scanning speed and thus may be used to ex-

lain the recrystallization behavior shown in Fig. 5 . The XRD mea-

urements reported in Fig. 7 show no change in phase content as

 function of laser scanning speed. While we expect residual stress

o contribute to the recrystallization process [14,64] , we measure

arger compressive residual stress and larger stress relaxation in

pecimens produced using fast laser scanning speed, which—after

BE—exhibit lowest recrystallization and TB fraction. A similar an-

icorrelation exists between average grain size and recrystallization

f our specimens. Fine-grained microstructures are more prone to
ecrystallization owing to the higher number of GBs, which act

s nucleation sites [34] . However, our EBSD measurements show

lightly smaller average grain size in specimens produced using a

aser scanning speed of 800 mm/s ( Fig. 8 ). These specimens also

xhibit a number of grains oriented with their 〈 001 〉 axis parallel

o the BD, which disrupt the prevailing 〈 101 〉 texture and which

re missing in specimens produced using 400 mm/s laser scan-

ing speed. Because of the elastic anisotropy of 316L SS [65] , 〈 001 〉
rains are more prone to store strain energy upon deformation

ompared to 〈 101 〉 grains [27] . As a result, 〈 001 〉 grains recrystal-

ize more easily upon GBE, as confirmed by comparing the EBSD

aps in Fig. 8 and Fig. 5 . However, the higher recrystallization rate

n specimens produced using a laser scanning speed of 800 mm/s

oes not translate into a larger recrystallization volume. 

Our work suggests that gaining control over the solute-

egregation network in SLM alloys may be the key to fully re-

rystallize the microstructure and maximize the TB fraction even

t lower strain levels compared to those employed in our experi-

ents. This capability would open the path to producing GBE-AM

arts with enhanced properties and optimized geometry for struc-

ural applications using novel hybrid AM technologies that com-

ine layer-wise additive and mechanical deformation processes.

nother interesting opportunity that emerges from our experi-

ents is that of integrating dissimilar microstructures—comprising

f both textured, columnar as well as randomly textured, equiaxed

rains—within the same part, as shown in Fig. 5 c. Gaining con-

rol over the distribution and arrangement of such microstructures

ould impart unique mechanical behavior or combine properties

hat are mutually exclusive in monolithic materials [66,67] . 
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