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a b s t r a c t 

We report the effect of cell structures on the fatigue behavior of additively manufactured (AM) 316L 

stainless steel (316LSS). Compared with the cell-free samples, the fatigue process of fully cellular samples 

only consists of steady and overload stages, without an initial softening stage. Moreover, the fully cellular 

sample possesses higher strength, lower cyclic softening rate and longer lifetime. Microscopic analyses 

show no difference in grain orientations, dimensions, and shapes. However, the fully cellular samples 

show planar dislocation structures, whereas the cell-free samples display wavy dislocation structures. The 

existence of cell structures promotes the activation of planar slip, delays strain localization, and ultimately 

enhances the fatigue performance of AM 316LSS. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Additive manufacturing with its unique advantages of design 

reedom and rapid manufacturing capability has gained huge sci- 

ntific interest [ 1 , 2 ]. Among the alloys fabricated by additive man-

facturing, 316L stainless steel (316LSS) with face-centered cubic 

FCC) structure has attracted huge attentions for its wide applica- 

ion range and the unprecedented mechanical properties [ 3 , 4 ], e.g., 

he yield strength of 552 MPa and failure elongation of 83.2% was 

chieved for the AM 316LSS [1] , whereas the wrought-annealed 

ample shows a yield strength of 244 MPa and elongation to fail- 

re of 63% [5] . The superior tensile strength is primarily attributed 

o the notable impediment effect for dislocation motion from the 

table cell structures [1] , and the Hall-Petch typed strengthening 

ehavior, namely the yield strength scaling with the cell size, is 

sually applied to rationalize the high strength [ 2 , 6 ]; while the

arge elongation correlates to the steady and progressive work- 

ardening mechanism provided by the prolific and complicated in- 

eractions between dislocations and cell structures [2] . Therefore, 

he cell structures play a vital role in the outstanding tensile per- 

ormance of AM 316LSS. To date, extensive studies mainly reveal 

he monotonic deformation behavior of AM alloys [7–9] . However, 
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ngineering materials are usually loaded cyclically not monotoni- 

ally in the practical services. As we reviewed the previous reports 

bout AM alloys, the data on fatigue properties are very limited 

10] , especially the effects of cells on the fatigue behavior (such as 

yclic stress/strain responses), even if these cells were proved very 

ommon in AM alloys [11] . Recently, Elangeswaran et al. [12] re- 

ealed much better fatigue properties of the as-built AM 316LSS 

ompared to the conventionally manufactured counterparts, which 

as considered to be caused by the strong resistance of cellular 

tructures to crack initiation. However, to our knowledge, investi- 

ations concerning the cell structure effects on the fatigue behav- 

or of AM alloys, especially considering dislocation-based deforma- 

ion mechanisms, are at the forefront of development but little is 

et known. 

It is known that the fatigue behavior of FCC materials is closely 

elated to the dislocation slip modes, i.e. , plane slip or wave slip 

13] . Typical dislocation substructures in fatigue microstructures 

nclude planar slip bands (SBs), stacking faults (SFs), deformation 

wins (DTs) as well as dislocation cells/veins and persistent slip 

ands (PSBs). Among them, SBs, SFs and DTs are prominent dis- 

ocation substructures in FCC materials with low stacking fault en- 

rgy (SFE) [ 14 , 15 ], while dislocation cells/veins and PSBs are usu- 

lly formed in materials with high SFE [16–20] . PSBs are com- 

osed of prefect edge dislocations with the same Burgers vector, 
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nd usually formed in single-slip orientated grains [ 16 , 18 , 19 , 21 ].

n the contrary, the formation of dislocation cells/veins is caused 

y cross-slip of prefect screw dislocations [20] , and illustrates 

he activation of secondary slip systems [ 13 , 19 ]. DTs are effec-

ive strengthening substructures in metals [22] , and their forma- 

ion requires high stress concentrations [ 1 , 22 ]. The cell structure 

ecorated with elemental segregations and tangled dislocations, is 

he most significant microstructural feature in AM alloys, and has 

ever been found in bulk materials fabricated by any other man- 

facturing methods. Therefore, the present study aims to identify 

he fatigue behavior and related microstructure evolution of AM 

16L SS with different concentrations of cell structures, and to de- 

ermine whether the observed differences are driven by the cell 

tructures. 

316LSS cylindrical bars with a height of 70 mm and a diameter 

f 10 mm were vertically fabricated in an argon environment by a 

ommercial EOSINT M280 machine with a maximum 200 W fiber 

aser. The initial gas-atomized 316L SS powders have a particle size 

istribution ranging from 15 to 50 μm. The actual chemical com- 

osition of the powders and the adopted optimal printing param- 

ters during the AM process have been reported in our previous 

ork [3] . In order to obtain microstructures with different volume 

ractions of cell structures, various heat treatments were conducted 

n the as-built bars, namely annealed at 900 and 1050 °C for 10 

in and followed by water quench. Subsequently the heat-treated 

ars were machined into the fatigue specimens with a gauge di- 

ension of 15 mm in length and 5 mm in diameter. For simplicity, 

e named the specimens with the annealing conditions, e.g., 900 

C-10 min represents the as-built sample annealed at 900 °C for 10 

in. 

The load-controlled fatigue tests were performed on an MTS 

ervo-hydraulic fatigue test rig at room temperature using total 

tress ranges from 673 MPa to 793 MPa. The targeted stress range 

as adjusted after each test in order to cover the range of 10 4 

o 10 6 cycles to failure as good as possible with the few num- 

ers of samples available. A sinusoidal stress waveform (R = -1) 

as employed at a constant frequency of 5 Hz. The correspond- 

ng strain response was measured by an Instron extensometer with 

 gauge length of 12.5 mm. To reveal the microstructural evolu- 

ion, microscopy analyses via scanning electron microscope (SEM), 

lectron backscattered diffraction (EBSD) and transmission electron 

icroscopy (TEM) were conducted on the specimens before and 

fter fatigue testing. For EBSD, a Hitachi SU70 FEG SEM equipped 

ith a Nordlys-S TM detector was employed with a step size of 200 

m and a binning of 2 × 2. Small blocks parallel to the load- 

ng direction were extracted from the gauge section of the frac- 

ured samples, and then mounted, ground and polished accord- 

ng to the Struers recommendations. The acquired EBSD data were 

nalyzed using Channel 5 and the MTEX software. TEM samples 

ere extracted near the crack initiation sites, and mechanically 

round to a thickness of ∼60 μm. Thereafter, the foils were twin- 

et electro-polished in a solution of 10 vol% perchloric acid and 

0 vol% ethanol at 25 V and −25 °C. TEM investigations were per- 

ormed on an FEI Tecnai G2 microscope operating at 200 kV. 

The total stain range as a function of cycle number for the three 

atches of samples under the similar cyclic stress are presented 

n Fig. 1 a- 1 c. Similar evolution also can be found under other fa-

igue conditions (see the supplementary material S1). The strain 

esponse of the heat-treated samples in Fig. 1 b and c can be di-

ided into three stages: an initial increase (cyclic softening stage), 

ollowed by a minor change (steady stage), and finally by a dra- 

atically increase until failure (overload stage). The initial soften- 

ng stage occurs in the first 200 to 500 cycles (about 1.8% lifetime 

n Fig. 1 e), while the following steady stage occupies more than 

5% of lifetime, illustrating that the majority of fatigue process is 

pent in the steady stage. Interestingly, as shown in Fig. 1 a, the 
2 
atigue process of the as-built sample only consists of the steady 

nd overload stages, which will be analyzed in detail later. More- 

ver, the as-built sample exhibits notable lower cyclic softening 

ate than the annealed ones ( Fig. 1 d). For example, under the nor- 

alized cycle number of 0.8, the as-built sample exhibits a total 

train range of 0.5%, which is approximately two fifths the strain 

f the 1050 °C-10 min sample. The lower strain range in the as- 

uilt sample is caused by its higher cyclic/yield strength with the 

early same elastic modulus ( Fig. 1 f). Higher yield strength of as- 

uilt samples has been frequently reported [7] , which is due to the 

ignificant strengthening caused by numerous dislocations gener- 

ted during the ultrafast cooling process [3] . Fig. 1 g presents the 

lot of total stress range ( �σ T ) versus the cycles to failure (N f ).

or a given �σ T , the as-built sample possesses a much longer fa- 

igue life than the heat-treated ones. 

Fig. 2 a and b show representative overlaid back contrast (BC) 

nd orientation maps of the as-built and 1050 °C-10 min samples 

cquired via EBSD parallel to the building direction (BD). Both al- 

oys possess columnar grains with similar grain orientation and an 

verage grain size of about 19.7 μm. Further increasing the mag- 

ification, as illustrated in Fig. 2 c-d, the microstructure of the as- 

uilt sample is decorated by full cell structures while the 1050 °C- 

0 min sample is free of cells, which was also confirmed by the 

EM images ( Fig. 2 e-f), showing that dislocations are randomly dis- 

ributed after heat treatment. Therefore, the only difference in the 

icrostructure features of these two samples is the existence of 

ell structures or not, and we can use them to study the mecha- 

isms of cells on the cyclic response behavior of AM alloys. 

Fig. 2 g and h provide representative overlaid BC and orienta- 

ion maps as well as KAM (kernel average misorientation) maps 

f the fatigued as-built and 1050 °C-10 min samples, respectively. 

ompared with the undeformed state ( Fig. 2 a and b), the orienta- 

ion maps illustrate no distinct changes in crystallographic orien- 

ations and dimensions of the grains. However, large population of 

Bs were formed in the grain interiors and intersected with grain 

oundaries (GBs), causing significant stress concentrations along 

Bs (indicated by yellow arrow in Fig. 2 g2) and GBs (indicated by 

ed arrows in Fig. 2 g2), and may eventually lead to the microcrack 

nitiation. A more detailed analysis of the crack source and fracture 

ehavior of the present 316LSS can be found in supplementary ma- 

erial S2. Furthermore, some DTs were formed along the SBs in the 

s-built sample ( Fig. 2 g1), which are not readily available in con- 

entional counterparts [ 23 , 24 ]. DTs have significant influences on 

islocation motion and delay strain localization [22] . From Fig. 2 h1, 

t can be seen that DTs are not present in the 1050 °C-10 min sam-

le. By ruling out the SFE effect (Section S3 in the Supplementary 

aterial), it can be speculated that the different behavior in DT 

ormation of the two samples is caused by cell structures. In other 

ords, the cell structures promote twinning for AM 316LSS during 

lastic deformation. 

In deformed as-built samples, typical dislocation substructures 

nclude SBs, SFs and DTs ( Fig. 3 ). Among them, the SFs and SBs,

long with their debris, are the most dominant defect structures, 

hile DTs only can be observed within the region 3 mm from 

he fracture. The SBs are composed of parallel dislocations ( Fig. 3 a 

nd b), which agrees well with the observations in Ref. [25] . In 

ome grains, DTs are extended in different orientations, and signif- 

cant interactions with dislocations, cell structures and other twins 

lso occurred, as revealed in Fig. 3 e and h. Besides, with the cyclic 

tress range increasing, the density of DTs and their interactions 

ith other dislocation substructures also notably increase, which 

ay be caused by the severer heterogeneous deformation under 

igh cyclic stress. It is known that twins are planar defects and 

omprised of at least two adjacent SFs [26] . From the enlarged im- 

ges in Fig. 3 d and g, it can be seen that all SFs originate from

ell walls, which verifies the aforementioned idea that the cells can 
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Fig. 1. (a)-(c) The total strain response as a function of cycle number for the as-built, 900 °C-10 min and 1050 °C-10 min samples under �σ T of 769 MPa, 762 MPa and 

754 MPa, respectively. (d) Total strain range versus normalized number of cycles (N/Nf) curves for the samples and fatigue conditions in Fig. 1(a)-(c). (e) The details of the 

curves within the normalized cycle number of 0.2. (f) 92% fatigue life hysteresis loops for the as-built and 1050 °C-10 min samples tested at �σ T of 769 MPa and 754 MPa, 

respectively. (g) Total stress range versus number of cycles to failure. 

Fig. 2. Microstructures prior to deformations (a-f) and post-fatigued (g–h) of the as-built sample (a, c, e, g) and 1050 °C-10 min sample (b, d, f, h), respectively. (a, b, g1, h1) 

Overlaid BC and orientation maps. Average grain size of each state was marked in the upper right corner. (c)-(d) and (e)-(f) SEM and bright-field TEM micrographs showing 

the typical configurations of dislocations before deformation. (g2) and (h2) KAM maps. 

3 
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Fig. 3. Bright-field TEM micrographs of post-deformed as-built sample under different cyclic stresses revealing typical dislocation structures including (a)-(b) slip bands 

(SB). (c)-(d) and (f)-(g) Large population of stacking faults (SFs) origin from cell walls. (e) and (h) Some deformation twins present in the microstructures, and twintwin, 

twin-dislocation, and twin-cell structure interactions also occurred. (i) A HRTEM micrograph showing the atomic structures of the bunched nanotwins and twin boundaries 

marked by yellow lines. 

Fig. 4. Bright-field TEM micrographs showing the representative post-deformed microstructure of the 1050 °C-10 min sample under different cyclic stresses. (a)-(b) Well- 

defined dislocation substructures, such as cells (Fig. 4a) and veins (Fig. 4b). (c), (d) and (e) Enlarged images of cell boundaries, consisting of dense dislocation networks. (f) 

A small amount of SFs formed in the deformed microstructure. 
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romote the formation of DTs. Fig. 3 i shows a High-resolution TEM 

HRTEM) micrograph of DTs; the thickness of them ranges from 

hree atomic layers to about 10 nanometers, which supports that 

he growth mechanism of twins in our case appears to be layer- 

y-layer [1] . 

In deformed 1050 °C-10 min sample, as present in Fig. 4 , most 

islocations arrange themselves from the random distribution state 

 Fig. 2 f) into energetically favorable configurations, leading to the 

ormation of well-defined wavy dislocation substructures, namely 

ense dislocation walls separated by channels with low disloca- 

ion density. The typical configurations of the substructures can be 

ivided into two types: some of them are parallel to each other 

 Fig. 4 b), called as vein-like structures; others tend to form irreg- 

lar shapes ( Fig. 4 a), known as cell-like structures. From Fig. 4 c-e,

t can be seen that the dislocation networks (marked by yellow 

rrows) constitute the vein and/or cell-like substructures, whose 
4 
ole is to maintain compatible deformation across different mi- 

rostructures during the plastic deformation [27] . Additionally, un- 

ike the as-built sample ( Fig. 3 ), SFs only can be occasionally ob- 

erved in the deformed 1050 °C-10 min sample, and no DTs are re- 

ealed. For 316LSS, the critical twinning stress was reported to be 

round 840 MPa by both experimental and theoretical approaches 

 28 , 29 ], which is indeed much higher than the cyclic stress am-

litudes adopted in our study. This further confirms that the cell 

tructures in AM 316LSS contribute to the formation of SFs and 

Ts. 

The cyclic strain response of materials is highly determined by 

he evolution of microstructures. For heat-treated samples, the re- 

rrangement of dislocations from a random distribution state into 

he low energy configurations ( e.g. , cell-/vein-like substructures) is 

 dislocation density net reduction process, which results in ini- 

ial cyclic softening. However, the cell structures in as-built sam- 



L. Cui, F. Jiang, D. Deng et al. Scripta Materialia 205 (2021) 114190 

p

s

p

t

a

D

i

p

s

t

a

i

s

i

e  

t

t

a

t

d

c

l

t

s

t

r

m

i

d

s

l

p  

v

n

s

a

d

e

r

p

a

s

t

s

p

c

p

s

t

h

t

g

c

s

d

t

s

1

d

t

t

c

m

D

p

w

A

f

t

s

l

d

i

D

a

X

S

f

1

R

 

 

 

 

 

 

 

 

 

 

[

 

[

[
[  

[  

[  

[  

[
[

[
[  

[

le are pre-existing before deformation, and thus no initial cyclic 

oftening occurs. Upon further cycling, dislocations multiply and 

ropagate to maintain compatible deformation across microstruc- 

ures, and their interaction leads to the hardening effect. For the 

s-built sample, the unique 3D interactions between dislocations, 

Ts, SFs and SBs provide additional contribution to the harden- 

ng effect, which is not readily available in conventional counter- 

arts. Especially the formation of DTs promoted by cell structures 

hould have significant influences on dislocation motion through 

he dynamic Hall–Petch effect [22] . Once the multiplication and 

nnihilation of dislocations reach an equilibrium state, no signif- 

cant variation of dislocation densities in the microstructures, re- 

ulting in the steady cyclic response until failure. Moreover, ow- 

ng to the ultrafast cooling rate of AM process, the chemical het- 

rogeneity is formed within the cell structures [ 1 , 2 ]. The disloca-

ion motion can be impeded by the coherent internal stress due to 

he chemical misfit between the enriched regions (like cell walls) 

nd depleted regions (like cell interiors) [30] . Additionally, the spa- 

ial variation of elastic modulus between the enriched regions and 

epleted regions also leads to strengthening [30] . Therefore, the 

ompositional micro-segregation could also contribute to the evo- 

ution of the cyclic stress response. Note that the formation of DTs, 

he additional 3D interactions, and cellular compositional micro- 

egregation might effectively inhibit crack initiation and propaga- 

ion, and are also responsible for the notably lower cyclic softening 

ate of the as-built sample in Fig. 1 d. 

From the aforementioned discussion, the distinct deformation 

echanisms of the as-built and 1050 °C-10 min samples provide an 

n-depth understanding of the difference in fatigue property. Evi- 

ently, the dominant dislocation configurations in 1050 °C-10 min 

ample are the cell-/vein-like substructures. They are closely re- 

ated to the development of extrusions and intrusions on sam- 

le surfaces, where fatigue cracks can easily nucleate [ 31 , 32 ]. Con-

ersely, due to the existence of pre-existing cell structures, the pla- 

ar dislocation structures, SFs and DTs, are more frequently ob- 

erved in the as-built sample, which delays the strain localization 

nd lead to its superior fatigue performance [33] . Note that, in ad- 

ition to cell structures, other factors, such as crystallographic ori- 

ntation, cycle number and applied stress range, also have been 

eported to affect dislocation substructures [ 13 , 33-36 ]. For exam- 

le, study by Nellessen et al. [35] showed that increasing strain 

mplitude and cycle number would increase the dislocation den- 

ity and promote the formation of vein-like substructures. Besides, 

he mechanisms that promote the formation of SFs and DTs by cell 

tructures under cyclic loading are still unclear, in-situ fatigue ex- 

eriments with the help of HRTEM are suggested for further study. 

In conclusion, the AM 316LSS with different concentrations of 

ell structures show notably different cyclic strain responses. Com- 

ared with annealed samples, the fatigue process of the as-built 

ample only consists of the steady and overload stages, without 

he initial softening stage. Moreover, the as-built sample possesses 

igher cyclic strength, lower cyclic softening rate, and longer life- 

ime. For all samples, microscopic analyses show no difference in 

rain orientation, dimension and shape. However, the distinct mi- 

rostructure evolution investigated by TEM sheds light on under- 

tanding of the fatigue behaviors. In deformed as-built sample, the 

ominate dislocation configurations are planar dislocation struc- 

ures, SFs and DTs, promoted by cell structures, leading to uniform 

train accumulation. On the contrary, in the deformed 1050 °C- 

0 min sample, dislocations arrange themselves from a random 

istribution state into the well-defined wavy dislocations struc- 

ures ( e.g. , cell-/vein-like substructures), causing strain localiza- 

ion. Therefore, the fatigue performance of AM 316LSS was signifi- 

antly enhanced by the cell structures via changing dislocation slip 

odes. 
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