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a b s t r a c t 

The significant strengthening of selectively laser melted (SLM) 304L stainless steel that occurs due to 

high-pressure torsion (HPT) is examined by recourse to detailed nanomechanical and microstructural 

characterization. In the as-built alloy, dislocation hardening is the main strengthening mechanism. Af- 

ter HPT, however, the synergistic combination grain refinement and martensitic transformation dominate 

the strength of the alloy. In the nanocrystalline regime, the dominance of the grain boundary-mediated 

plasticity retards the martensite-induced hardening. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Additive manufacturing (AM) of metallic materials has evolved 

mpressively in the recent past and is now deployed in a vari- 

ty of industries. However, many scientific, technological, and eco- 

omic challenges for its wider application still remain [1–6] . One 

f the major scientific challenges is the development of detailed 

icrostructure-mechanical property relations, since the AM alloys 

ften exhibit complex microstructures with nm to mm scale hi- 

rarchy such as solidification cells with elemental segregation and 

anoscale precipitation along their boundaries, refined grains with 

trong textures, and mesostructures that reflect the hatch spac- 

ng, layer thickness, and scan rotations [1–6] . In this context, AM 

ustenitic stainless steels, mostly prepared by selective laser melt- 

ng (SLM), are especially attractive because their hierarchical fea- 

ures lead to not only the excellent strength-ductility combination 

ut also other interesting properties including toughness and hy- 

rogen embrittlement resistance [7–12] . 
∗ Corresponding authors. 
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In the present paper, the possibility of further tailoring such 

omplex microstructures for enhancing the mechanical perfor- 

ance, through severe plastic deformation (SPD) route, is explored. 

t was reported that high-pressure torsion (HPT) process, one of 

he representative SPD techniques [13–16] , indeed led to a remark- 

ble increase in hardness of SLM 316L austenitic stainless steel [17–

9] , due mainly to the grain refinement. Keeping this in mind, we 

xamine the different strengthening mechanisms and the interplay 

etween them in HPT SLM 304L steel. 

The 304L stainless steel blocks with dimension of 60 × 30 × 9 

m 

3 were fabricated using a commercial SLM (also often called 

aser powder bed fusion, L-PBF) machine (Aconity Mini, Aconity 3D 

mbH, Germany). During the process, layer thickness, laser power, 

atch spacing, and scan speed were set at 30 μm, 180 W, 80 μm, 

nd 700 mm/s, respectively. The scanning direction was rotated by 

0 ° after each layer. The as-built SLM sample (denoted as “SLM”

ample) was machined into disks (with 10 mm diameter and ∼0.8 

m thickness) from the plane perpendicular to the build direction. 

hey were HPT processed for 0.25, 0.5, 1, and 2 turns under a pres- 

ure of 5.0 GPa at 1 rpm. Hereafter, the SLM sample subjected to 

PT will be referred to as SLM + HPT N , where N is the number of
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Table 1 

Volume fraction of each constituent phase measured by EBSD (for SLM sample) and 

ASTAR-TEM (for SLM + HPT samples). The average grain sizes (measured by assuming 

single phase) are also displayed as “overall size”. 

Phase SLM SLM + HPT0.25 SLM + HPT2 

γ 100 % ( ∼22 μm) ∼25 % ( ∼62 nm) ∼7 % ( ∼36 nm) 

ε - ∼13 % ( ∼72 nm) ∼16 % ( ∼62 nm) 

α′ - ∼62 % ( ∼189 nm) ∼77 % ( ∼60 nm) 

Overall size ∼22 μm ∼142 nm ∼62 nm 
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he HPT revolutions. Vickers hardness measurements on each disk 

ere conducted with a peak load ( P max ) of 980 mN. 

Microstructural analyses were performed by using X-ray diffrac- 

ion (XRD; D/Max-2500, Rigaku-Denki, Japan) and scanning elec- 

ron microscopy (SEM; Merlin compact, Carl Zeiss AG, Germany) 

hat was accompanied with electron channeling contrast imag- 

ng (ECCI) and electron backscattered diffraction (EBSD; DigiView, 

DAX-TSL, USA). For SEM, the samples were final-polished using 

ibroMet 2 polisher (Buehler, USA) with 0.02 μm colloidal silica. 

ransmission electron microscopy (TEM; Tecnai F20, Thermo Fisher 

cientific, USA) with ASTAR (NanoMEGAS, Belgium) was performed 

n the samples prepared by focused ion beam (FIB; Helios NanoLab 

00, Thermo Fisher Scientific, USA) milling. Nanoindentation tests 

ere conducted using the Nanoindenter-XP (KLA Corporation, USA) 

quipped with both Berkovich and cube-corner tips with a P max of 

00 mN; indentation strain rate was maintained 0.025 /s and the 

old time at P max was 1 s. 

Both EBSD and ECCI were employed to characterize the mi- 

rostructural evolution of SLM 304L steel during HPT process. Rep- 

esentative microstructures of the SLM sample and the edges of 

LM + HPT0.25 and SLM + HPT2 disks are shown in Fig. 1 . A single-

hase austenitic microstructure (with the average grain size, d , 

f ∼22 μm) containing the solidification cellular structure (with 

n average cell size of ∼350 nm) inside each grain is seen in 
a

ig. 1. Microstructural evolution during HPT processing: EBSD orientation and phase map

amples. (d) shows the representative examples (for SLM + HPT2) of TEM selected area d

mages were taken on the plane perpendicular to the building direction. 

2 
he SLM sample ( Fig. 1 a). The orientation and phase maps for 

LM + HPT0.25 and SLM + HPT2 samples ( Figs. 1 b and 1 c, respec-

ively) were obtained through ASTAR-TEM technique considering 

he extreme grain refinement in them. The crucial feature in these 

mages is the phase transformation of the FCC γ -austenite into 

CP ε- and BCC α′ -martensite during HPT (either γ → α′ directly or 

→ ε→ α′ sequentially [20–23] ). These phases were confirmed by 

he TEM selected area electron diffraction patterns obtained from 

he SLM + HPT2 sample ( Fig. 1 d). With increasing N (from 0.25 to

), the fractions of ε and α′ increase at the expense of γ (see 

able 1 ). An overlay of the orientation and image quality maps (left 

f Figs. 1 b and 1 c) reveals the reduction in “overall” grain size (by

ssuming a single phase) to ∼142 and ∼62 nm for SLM + HPT0.25 
s of the (a) SLM (also showing ECCI image), (b) SLM + HPT0.25, and (c) SLM + HPT2 

iffraction patterns of the constituent phases in SLM + HPT samples. Note that EBSD 
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Fig. 2. (a) Variations in Vickers hardness as a function of applied equivalent strain. 

(Note that the x axis is in log scale.) Inset shows the indentation locations. (b) 

Changes in nanoindentation hardness and indentation plasticity with the number 

of turns. 

a  

t

(

i

w

T

i

ε
a

a

o  

o

t

i  

n

i  

s

e

T

s

a

i  

a

e

l

o

i

a

t  

a

T  

A

Fig. 3. Representative SEM images of the hardness impressions produced by Berkovich (le

marked around the cube-corner indentation (right); (a) SLM, (b) SLM + HPT0.25, and (c) S

the hardness impression. 

3 
nd SLM + HPT2, respectively ( Table 1 ). The HPT process also leads

o a marked reduction in d of γ from ∼22 μm (SLM) to ∼36 nm 

SLM + HPT2). 

The equivalent von Mises strain, εeq , imposed on the disk dur- 

ng HPT can be estimated using the relation [24] : ε eq = 

2 πNr √ 

3 t 
, 

here r and t are the radius and thickness of the disk, respectively. 

he evolution in Vickers hardness as a function of εeq is shown 

n Fig. 2 a where the hardness of SLM sample is also included at 

eq = 0. A substantial enhancement in the hardness after merely 

 quarter turn of the HPT ( N = 0.25), which eventually saturated 

t εeq of ∼20 that approximately corresponds to the edge part 

f SLM + HPT1 disk, can be seen. Fig. 2 b summarizes the results

f the nanoindentation experiments performed with the Berkovich 

ip. Their values confirm the same trends as Vickers hardness. The 

nset of Fig. 2 b displays the variation in h f / h max (where h f is the fi-

al indentation displacement after unloading and h max is the max- 

mum displacement at P max ) with N . Note that h f / h max is a mea-

ure of the relative portion of the plastic deformation in the total 

lasto-plastic deformation that takes place during indentation [25] . 

hus, hardness vs. h f / h max relation in indentation tests can be con- 

idered as a proxy to the strength vs. ductility relation in the uni- 

xial tensile tests. In Fig. 2 b, it is evident that despite the reduction 

n h f / h max due to the HPT process, its values for SLM + HPT samples

re still reasonably high ( ∼0.7), implying that the observed hard- 

ning was not achieved at the expense of the significant ductility 

oss. 

Fig. 3 displays the representative SEM and enlarged ECCI images 

f indentation impressions. To amplify the changes in indentation- 

nduced plasticity, a sharper cube-corner indenter was also utilized 

s it can produce significantly high stresses and strains underneath 

he indenter [ 26 , 27 ]. A large number of slip steps are observed

round the hardness impression made on the SLM sample ( Fig. 3 a). 

hey characterize the FCC alloy deforming via planar slip [ 28 , 29 ].

 high density of stacking faults around the impression is also 
ft) and cube-corner indentations (middle), and zoom-in ECCI images of the region 

LM + HPT2 samples. Blue dashed line in the ECCI images indicates the boundary of 
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Fig. 4. X-ray diffreaction analysis of SLM and SLM + HPT samples: (a) X-ray diffrac- 

tion patterns; (b) the variations in the estimated dislocation density as a function 

of equivalent strain. 
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vident from the ECCI image. It suggests the glide of partial dislo- 

ations, i.e., successive planar slip, as the predominant deformation 

echanism. The slip planarity is less pronounced in SLM + HPT0.25 

nd SLM + HPT2 samples ( Figs. 3 b and 3 c) with the shear offsets

ominating the deformation morphology around the indented im- 

ression. Such offsets are often considered as the traces of shear 

ands [30] . Magnified ECCI images of them reveal that dislocation 

ctivity is gradually reduced with increasing N , as several sets of 

lip steps are still evident in SLM + HPT0.25 but not in SLM + HPT2. 

Fig. 4 a shows representative XRD scans obtained from the SLM 

ample and the edges of all SLM + HPT disks, which reconfirms the 

PT-induced martensitic transformation. The dislocation density, 

, was estimated from the full width at half maximum (FWHM) 

f the XRD line profiles by using the modified Williamson-Hall 

ethod (with aid of the modified Warren-Averbach method), as 

llustrated in Fig. 4 b. The details of the procedure can be found 

lsewhere [ 31 , 32 ]. The peak intensity of ε is negligible and hence

ot considered here. For comparison, literature values of ρ for 

he conventionally manufactured (CM) stainless steels are also dis- 

layed in Fig. 4 b. In the case of CM steels [ 2 , 31 ], ρ in γ ( ργ )

ncreases moderately to ∼5.04 × 10 14 m 

−2 with increasing εeq . 

ngár et al . [33] suggested that the relationship between ρ and 

eq can be expressed as: ρ( ε eq ) = [ ρ1 / 2 
s − C 1 exp ( −C 2 ε eq ) ] 

2 , where 

 and C are material constants, and ρs is the saturated ρ value 
1 2 

4 
or the plastic deformation. The ργ data for the CM steels (open 

quares) fit well to this equation as shown as the black dashed 

urve. From the fitted curve, ργ for the CM steels is expected 

o reach ρs ( ∼5.04 × 10 14 m 

−2 ) at εeq ∼0.8. On the other hand, 

γ in the SLM sample (before HPT, i.e. εeq = 0) is determined as 

8.34 × 10 13 m 

−2 , which is much higher than ∼10 9 –10 10 m 

−2 ob- 

erved in the annealed CM steel [2] , but close to the reported value

or SLM steels [18] . Upon HPT processing, ργ rapidly increases to 

5.87 × 10 14 m 

−2 at εeq of ∼4.9 (corresponding to the edge part 

f SLM + HPT0.25 disk), and thereafter remains constant until the 

aximum applied εeq ( ∼42). In contrast, the dislocation density in 

′ ( ρα′ ), shown in the inset of Fig. 4 b, remains almost constant 

n the range of 4 × 10 14 –5 × 10 14 m 

−2 irrespective of the im- 

osed εeq for both CM steel and SLM + HPT samples. From these 

bservations, one can conclude that the evolution of ργ in SLM 

ample is already saturated at 0.25 turn of HPT with a higher ρs 

 ∼6.33 × 10 14 m 

−2 ) than that of the CM steel ( ∼5.04 × 10 14 m 

−2 ).

To understand the significance of grain boundary (GB) strength- 

ning, the Hall-Petch (H-P) relationship ( σy = σ0 + k HP d 
−1 / 2 where 

y and σ 0 are the yield and intrinsic stress, respectively, and k HP is 

he H-P coefficient) is plotted in Fig. 5 a where the literature data 

or the CM steels [34–38] are also included. The σ y values here 

re estimated using the Tabor’s relation [39] : σ y ∼ H M 

/3, where 

 M 

is Meyer’s hardness (i.e., peak load divided by the projected 

rea) converted from the Vickers hardness [40] . For the CM steels 

ith only γ (open circles in Fig. 5 a), σ y values are in reasonable 

greement with the H-P relation from which σ 0 and k HP are deter- 

ined as 408 MPa and 326 MPa �( μm) 1/2 , respectively. This k HP is

n reasonable agreement with those reported for various austenitic 

teels ( ∼253–300 MPa( μm) 1/2 [ 8 , 41 , 42 ]). It is evident in Fig. 5 a

hat σ y of the steels consisting γ + α′ or γ + ε + α′ are sub- 

tantially higher than those in the H-P plot for the only γ steels. 

his implies that the formation of harder martensite phases, α′ 
nd ε, can play an additional role in HPT-induced strengthening of 

he steels. It is also noteworthy in Fig. 5 a that all the three σ y of

LM, SLM + HPT0.25, and SLM + HPT2 samples are higher than those 

f CM steels with a similar d . This observation indicates that the 

trength enhancement in SLM sample (primarily due to the cellu- 

ar structure [ 8 , 10 , 11 ]) is retained even after the significant grain

efinement and martensitic transformation. 

Since SLM sample shows much higher ρ than CM steel ( Fig. 4 b), 

he σ y increment due to the ρ increase, �σρ , was calculated using 

he Taylor’s hardening relation [43] : �σρ = Mα1 Gb ( 
√ 

ρ2 − √ 

ρ1 ) , 

here M is Taylor factor ( ∼3.05 [41] ), α1 is an empirical constant 

 ∼0.3 [42] ), G is shear modulus ( ∼77 GPa [41] ), b is the magni-

ude of the Burgers vector ( ∼0.25 nm [41] ), ρ1 and ρ2 are the ρ
f the CM steel and SLM sample for a given d , respectively, e.g. 

ee Fig. 4 b. The estimated value of �σρ for the SLM sample, ∼169 

Pa, is in good agreement with the difference in σ y between SLM 

ample and CM steel for a similar d ( Fig. 5 a). This reaffirms that

he predominant mechanism of the strength increase in SLM sam- 

le vis-à-vis CM steel is dislocation hardening, as suggested ear- 

ier [44] . For SLM + HPT0.25 and SLM + HPT2 samples, �σρ in γ
hase is estimated as ∼48 MPa by using the saturation values of 

γ in Fig. 4 b in the Taylor equation. Note that the SLM + HPT sam-

les contain only small amounts of γ ( Figs. 1 b and 1 c) and thus

he actual �σρ in γ are negligibly small in the samples. In addi- 

ion, �σρ in α′ phase may also be negligible since the SLM and 

M steels exhibit similar dislocation densities in α′ irrespective of 

eq (see the inset of Fig. 4 b). Therefore, the major strengthening 

echanism for SLM sample compared to CM steel (for a given d ) 

s dislocation hardening, but not for the SLM + HPT samples. 

An important question then arises is “why does SLM + HPT sam- 

le have a higher σ y than CM steels (for a given d )?” A possible 

xplanation is related to a larger amount of strain-induced marten- 

ites in the SLM + HPT samples. Since the cell walls (and low-angle 
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Fig. 5. (a) Hall-Petch plot for the relationship between the yield stress, σ y , and the grain size, d , measured in this study and in earlier reports for CM steels. The steels 

consisting only γ , γ + α′ , and γ + ε + α′ are denoted as symbols of circle, triangle, and square, respectively. Note that for the steels having multiple phases, d was 

measured by assuming a unified single phase. (b) Schematic illustration showing the change in microstucture (before and after deformation) with increasing HPT turns. Note 

that only deformation-induced dislocations (i.e. fresh dislocations) are displayed. 
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Bs) can act as nucleation sites for martensite [19] , the marten- 

itic transformation during HPT may be promoted in SLM sample. 

ince the volume fraction of martensites in the CM steels of Fig. 5 a

s unavailable in literature [ 34–36 , 38 ], the precise role of cellular

tructure in the transformation could not be provided here, but de- 

irable to be investigated in future. 

Another important feature revealed by Fig. 5 a is that, in the NC 

egime ( d < 100 nm), σ y values of the steels containing both ε and 

′ (open squares) appear to closely follow the H-P plot drawn for 

he only- γ steels. This indicates that the contribution of marten- 

itic transformation to σ y may be less significant in the NC regime. 

his phenomenon might be closely related to the fact that the for- 
5 
ation of shear bands becomes more pronounced as d is reduced 

o the NC regime, i.e., SLM + HPT2. Since such band formation in 

C metals is often associated with the grain rotation and GB slid- 

ng [45–49] , it may be construed that the predominant deforma- 

ion mechanism transforms from conventional dislocation activity 

n the SLM sample to GB-mediated plasticity in the SLM + HPT2 

ample. To verify such a possibility, the value of activation volume, 

 

∗, was estimated by performing a series of nanoindentation at 

arious indentation strain rates. As shown in Fig. S1 of Supplemen- 

ary Information, the value of V 

∗ decreases from ∼15 b 3 to ∼5 b 3 

pon HPT processing. Considering that GB-mediated plasticity cor- 

esponds to a low V 

∗ ( < 10 b 3 ) [50–52] , the current results imply
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hat GB-mediated plasticity indeed becomes predominant in the 

LM + HPT samples. On this basis, the degradation of martensite- 

nduced strengthening in NC regime can be explained, as following 

schematically illustrated in Fig. 5 b). For d > 100 nm, while a large

xtent of dislocation activity is still available within the grains, the 

ontribution of the martensitic transformation to strengthening is 

on-negligible due to the relatively higher lattice friction stress in 

he martensite (as compared to that in the austenite). Plastic defor- 

ation in NC regime is not governed by dislocation glide through 

attice, but by GB-mediated plasticity, and hence grain refinement 

as a more dominant effect on σ y than martensite transformation. 

his mechanism also rationalizes the fact that the difference in σ y 

etween SLM + HPT samples and CM steels for a given d (which 

ay be due to a larger amount of martensite in the former) de- 

reases with increasing N from 0.25 to 2 ( Fig. 5 a). 

In summary, significant HPT-induced strengthening of the SLM 

04L steel was achieved by the synergy among dislocation mul- 

iplication, grain refinement, and martensitic transformation. GB- 

ediated plasticity becomes predominant and hence martensite- 

nduced strengthening becomes negligible in the NC regime, sug- 

esting that there is a certain HPT strain level up to which the 

ynergistic effect can be maximized. For the present steel, it 

ould be εeq ∼4.9. This offers us a direction for tailoring SLM 

teel’s microstructure for achieving high strength without promot- 

ng GB-mediated plasticity that can introduce localized deforma- 

ion and/or creep deformation. 
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