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Abstract 18 

Heterostructured materials (HSMs) can alleviate the strength-ductility trade-off of conventional 19 

materials. Microstructure modulation by low-cost and large-scalable thermo-mechanical 20 

treatments is a feasible route to produce HSMs. Using these thermo-mechanical treatments, we 21 

have developed new heterostructured and antimicrobial stainless steels (HS&ASSs) to reduce the 22 

infection rate of multiple diseases while increasing their service life. The HS&ASSs were designed 23 

to combine several known strengthening mechanisms, which significantly improved the yield 24 

strength compared to their homogeneous counterparts while retaining good ductility. Effective 25 

antibacterial property is also observed in the HS&ASSs. The microstructural evolution and 26 

processing-microstructure-properties relationship are thoroughly explained. This work 27 

demonstrates that the improved mechanical properties of HSMs can be successfully combined with 28 

multifunctional properties, thus opening a new window for this fast-emerging field. 29 
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1. Introduction 35 

The COVID-19 pandemic demonstrated that there is a need for new materials to deal with 36 

sanitary emergency. Microbes on fomites cause infections in patients within healthcare units [1]. 37 

Decreasing the risk of contagion by contact with contaminated surfaces is a critical issue, not only 38 

for the SARS‑CoV‑2 virus but also for other disease-carrying bacteria and viruses in daily life. 39 

Examples of the harmful effect of microbes are infections during intra-articular injections [2], 40 

infections in maxillofacial procedures with a mortality rate of 10-40% [3], or the near 100% 41 

occurrence of teeth damage due to microbes accumulation under molar bands and brackets of 42 

orthodontic treatments [4]. The design and development of antimicrobial materials help to 43 

overcome the potential danger of transmission of multiple microorganisms.  44 

Stainless steel (SS) is a cost-effective material that can be combined with antimicrobial qualities 45 

for biosecurity in medical, industrial, and public sectors. However, multifunctionalities are 46 

required for some applications. On the other hand, antimicrobial materials should also possess high 47 

mechanical performance to avoid the economic loss and increase safety of medical devices.  48 

In particular, the 316L SS is extensively used in medical devices, food refrigeration 49 

components, jewelry, pharmaceutical equipment, potable water containers, wastewater treatment, 50 

marine and architectural applications, among others. However, the current properties of the 316L 51 

SS are often not enough to sustain the mechanical stress of many applications. Examples of these 52 

deficiencies include the failure of medic or orthodontic devices [5] and the breakage of hypodermic 53 

needles during clinical procedures [6,7], requiring complex and risky extraction procedures. A 54 

number of medical and daily applications need advanced mechanical performance. For example, 55 

hand-holders and door handles to resist continuous friction; orthodontic archwires, molar bands 56 



4 

 

and brackets to withstand compression loads in the oral environment; orthodontic drills that require 57 

a high fatigue resistance, among others. 58 

Heterostructured materials (HSMs) enable advanced mechanical properties thanks to the 59 

hetero-deformation induced (HDI) strengthening [8,9]. In contrast to other materials, such as 60 

ultrafine-grained materials processed by severe plastic deformation (SPD) techniques [10], HSMs 61 

can be produced using large-scale industrial facilities at low-cost [9]. The HSMs create a synergy 62 

between the mechanical response of mutually constraining soft and hard zones [11]. Due to strain 63 

partitioning, strain gradients will be generated near the soft/hard zone boundaries. To 64 

accommodate the strain gradient, geometrically necessary dislocation (GND) pile-ups will be 65 

formed in the soft zone near the interface, which produces a long-range internal stress (back stress) 66 

in the soft zone and forward stress in the hard zone [12]. The back stress and forward stress 67 

collectively produce the hetero-deformation induced (HDI) stress [13]. The back stress strengthens 68 

the soft zones, while the forward stress makes the hard zone easier to deform. The HDI stress in 69 

HSMs becomes a new strengthening mechanism, in addition to the well-known mechanisms 70 

including grain boundaries, solid solution, twinning, dispersion of second phases, accumulation of 71 

dislocations, etc. [13,14]. Different from most of other strengthening mechanisms, the HDI 72 

strengthening can co-exist with HDI work hardening. As a result, HSMs tend to show a reduced 73 

trade-off between strength and ductility as compared to homogeneous materials [12].  74 

From the above, the HSMs and SS have the potential to combine mechanical and antimicrobial 75 

properties for biomedical applications. Many metallic nanoparticles (NPs) with antimicrobic 76 

activity have been reported. Silver (Ag) and copper (Cu) NPs are the most widely reported against 77 

multiple microorganisms, including bacteria, viruses, fungi and algae [15]. However, Cu is much 78 

more accessible and significantly cheaper than Ag. Moreover, the latest findings pointed out a 79 
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more effective antimicrobial performance of Cu than Ag [16]. Antimicrobial effectivity in 80 

homogenous Cu-bearing 316L SS has already been proven [17,18].  81 

Improvement of mechanical properties has been reported for heterogeneous SS with Cu 82 

additions without focusing on the formation of Cu NPs [19–21]. The presence of NPs, as proposed 83 

in this work, may influence the biocidal and mechanical behaviors of the SS. A Cu-bearing 84 

heterogeneous 304 SS produced by cold rolling and annealing improved the mechanical properties 85 

compared to its coarse and cold-worked counterparts [22]. However, no aging was applied to 86 

obtain uniform distribution of Cu-NPs. Besides, the contribution of Cu-NPs to mechanical 87 

behavior, GND pile-ups-driven HDI and other strengthening mechanisms, and biocidal efficiency 88 

were not studied [22].  89 

In this work we aim to design a new heterostructured antimicrobial stainless steel (HS&ASS) 90 

that combines all of the so-far recognized strengthening mechanisms, i.e., solid solution 91 

(substitutional and interstitial), high density of grain boundaries, second phase dispersion, 92 

dislocation accumulation, twinning, strain-induced transformation, and HDI. This work also 93 

demonstrates the antibacterial effectiveness of the new HS&ASS. The HS&ASS of this study will 94 

serve as a basis for designing cost-effective, strong and tough, and multifunctional HSMs for the 95 

food-processing, biosafety, structural and biomedical applications.  96 

 97 

2. Experimental procedure 98 

2.1. Production of the HS&ASS 99 

The raw materials were cast 316L SS and 316L SS with 3 wt.% Cu additions (316LCu). The 100 

as-cast materials are referred to as initial condition (IC) hereinafter. 3 wt.% Cu was selected to 101 
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combine antimicrobial properties [18,23] without a large increase in stacking fault energy (SFE) 102 

[24]. Low SFE is crucial to promote planar slip, GND pile-ups, and HDI stress [25]. The chemical 103 

composition of both alloys can be found in Table 1. 10mm-thick plates from both alloys were 104 

subjected to a solid solution heat treatment under Ar atmosphere at 1050°C for 30 min and 105 

posterior water quenching. Four processing routes (R1, R2, R3, and R4) were designed for a 106 

synergy between multiple strengthening mechanisms (grain boundaries density, solid solution, 107 

strain-induced phase transformation, twinning, dispersion of second phases, accumulation of 108 

dislocations, and HDI) with different grains and Cu particles size distributions. Figure 1 shows 109 

processing parameters for the thermo-mechanical routes [26]. 110 

 111 

Table 1. Chemical composition of the starting alloys (in wt. %). 112 

Alloy C Cr Mn Ni P Si S Mo Cu Fe 

316L 0.02 17.03 1.92 12.04 0.02 0.72 0.01 2.56 - Balance  

316LCu 0.02 17.38 1.91 12.15 0.02 0.75 0.01 2.58 3.01 Balance 

 113 
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 114 

Fig. 1. The schematics of starting parameters and four thermo-mechanical routes used to 115 

elaborate HS&ASSs [26]. 116 

 117 

Microhardness and time criteria were used to select the processing parameters for solid solution 118 

(SSol), aging (A), and cold rolling (CR). Figure 2 shows the hardness after each heat treatment 119 

and CR-processed samples. The tested temperature and time ranges were selected based on the 120 

best mechanical behavior of heterostructured (HS) 316L SS from the literature [27]. All the heat 121 

treatments were carried out under Ar atmosphere with posterior water quenching. The CR was 122 

applied at room temperature with an average of 0.15 mm reduction per pass. 123 
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 124 

Fig. 2. Selection of processing parameters for a) solid solution (SSol) at 1050°C, b) aging (A), 125 

and c) cold rolling (CR), which were used for performing the R1-R4 thermomechanical routes. 126 

The selected parameters are highlighted in yellow. 127 

 128 
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The R1 and R2 consisted of subjecting the SSol-treated condition to aging in order to precipitate 129 

Cu particles. Posterior cold rolling was applied to refine the grain size and to encourage strain-130 

induced martensitic phase transformation. Then, a second aging (R1) or short-time annealing 131 

(STA) (R2) were applied for partial recrystallization, partial phase transformation reversion, and 132 

more Cu precipitation in the matrix. As indicated in Fig. 1, the second aging was applied at 133 

temperatures from 500°C to 650°C for 30 to 60 min. The STA was applied at 700°C to 750°C for 134 

5-15 min and 800°C for 30 to 120 s. All heat treatments were performed at about 40°C s-1 heating 135 

rates to facilitate the combined diffusion and shear reverse phase-transformation mechanism [9].  136 

For the R3 to R4, the SSol-treated samples were subjected to cold rolling under the same 137 

conditions as described above. Posteriorly, combinations of aging (R3) and STA (R4) were applied 138 

under the abovementioned conditions. After this, the studied samples will be referred to by a three-139 

segment identification: i) cold rolling reduction (80%) with a letter indicating previous aging (A) 140 

or only solid solution (S), ii) heat treatment temperature after rolling, and iii) heat treatment 141 

holding time. For example, 80A_650_60min corresponds to a sample processed by aging, 80% 142 

thickness reduction, and heat treatment at 650°C for 60 min (route R1), while 80S_650_60min 143 

corresponds to a sample processed by solid solution, 80% thickness reduction, and heat treatment 144 

at 650°C for 60 min (route R3). 145 

 146 

2.2. Microstructural characterization  147 

The HS&ASSs were cut by water jet cutter and subjected to metallographic sample preparation 148 

to a mirror-like surface finish with colloidal silica of 0.1 μm particle size. X-ray diffraction (XRD) 149 

measurements were carried out in a D2 phaser Bruker diffractometer with LYNXEYE XE-T 150 
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detector, using Cu-Kα radiation, 30 KV, 10 mA, and step size of 0.01°. For electron backscatter 151 

diffraction (EBSD), the samples were electropolished in 25 vol.% HNO3 solution at  −196 °C for 152 

60 s with 20V. EBSD analyses were carried out with a step size of 0.35 μm.  153 

For comparison purposes, the phase contents were estimated by two methods derived from 154 

XRD and EBSD measurements. For XRD data, the direct comparison method [28] of the 155 

integrated intensity of different peaks was used. The (220), (311), and (222) peaks of the austenite 156 

phase () and (200), (211), and (220) of the martensite phase (’) were used for the volume fraction 157 

estimation. From EBSD, a semi-empirical relationship between the (220), (311), and ’(211) 158 

peaks was used [29]. 159 

For transmission electron microscopy (TEM), the samples were ground up to a thickness of 50 160 

μm and punched into 3 mm diameter discs. Electron-transparent regions were obtained in a 161 

precision ion polishing system (PIPS) Gatan 695. The observations were performed in a JEOL 162 

2100 F TEM equipped with energy dispersive X-ray (EDX) spectroscopy at 200 keV acceleration 163 

voltage.  164 

 165 

2.3.Mechanical behavior evaluation 166 

Vickers hardness was measured by a BuehlerVH1202 Vickers/Knoop hardness tester with a 167 

load of 500 g and a holding time of 10 s. Hardness values were obtained by averaging at least ten 168 

indents for each sample. The HS&ASSs were cut along the rolling direction into dog-bone-shaped 169 

specimens, with a gauge length of 12.5 mm and a width-to-thickness ratio of 2. Uniaxial tensile 170 

tests were performed on Instron 3382 universal testing machine with a strain rate of 10-4 s-1 at room 171 

temperature. For each condition, three tensile samples were tested. 172 
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 173 

2.4. Antibacterial assessment  174 

The plate counting method was used to evaluate the antibacterial effect. E. coli ATCC 25922 was 175 

inoculated in a sterilized TSB (CM0129, OXOID Co.) agar plate and incubated at 37 ℃ for 24 176 

hours. Subsequently, single colony was diluted to OD600nm 0.05 (~107 CFU ml-1) with sterilized 177 

PBS buffer (pH7.4, Sigma-Aldrich) using a UV-Vis spectrophotometer (DR3900, Hach Co.). 178 

The final concentration was ~106 CFU ml-1 with a 10-fold dilution. The materials with a surface 179 

area of 1 cm2 ground with SiC up to 2000 grade were autoclaved before the test. Posteriorly, the 180 

materials were introduced into a 24-well plate and inoculated with 50 µl bacterial suspension 181 

solution on their surface and incubated at 37 ℃. Next, the metal sheets were picked up at different 182 

time points (0.5 h, 1 h, 2 h, 6 h, and 24 h), washed with 2450 µl PBS buffer, and resuspended with 183 

a vortex mixer (MX-S, Dragon Laboratory Instruments Ltd.) for 60 s. Finally, 100 µl of the 184 

resuspended bacterial solution was spread on the TSB agar plate and incubated for 24 h. The 185 

survival rate was calculated by Eq. 1.  186 

𝐶%(𝐶𝐹𝑈 𝑚𝑙−1) = [1 − (𝐶𝑖𝑛𝑖 − 𝐶𝑡)/𝐶𝑖𝑛𝑖] × 100%                       𝐸𝑞. 1 187 

where C represents the bacterial survival rate, 𝐶𝑖𝑛𝑖 is the average bacterial concentration at the 188 

material surface at 0 h (in CFU ml-1), and 𝐶𝑡 represents the average bacterial concentration at the 189 

different testing times (in CFU ml-1). Three replicates per studied condition were tested for 190 

statistical purposes. 191 

 192 

 193 

 194 
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3. Results  195 

3.1.Microstructural assessment 196 

From XRD data, all the samples consist of FCC- and BCC-’ phases. Figure 3 shows the 197 

estimation of martensite by EBSD and XRD measurements for the 80S series, which showed a 198 

microstructural evolution qualitatively similar to that of the 80A series. The calculation from 199 

EBSD tends to estimate higher ’ contents than the XRD. However, both should be considered 200 

qualitative rather than quantitative. The EBSD method has lower statistics and may overestimate 201 

the ’ due to metallographic preparation strain. The XRD method does not consider the effect of 202 

crystallographic texture, which may be relevant after rolling or recrystallization processes that tend 203 

towards Goss- and brass-like or cube-like texture in SS, respectively [9]. Despite the quantitative 204 

disparities, both methods follow similar qualitative tendencies towards decreasing ’ vol.% with 205 

increasing aging temperature and time.  206 

From the XRD method (Fig. 3), the IC sample comprises 89.7 vol% of  phase and 10.3 vol.% 207 

’ phase. In the SSol and SSol+80CR samples, the volume fraction of ’ phase increased to 15.4% 208 

and 28.3%, respectively. The strain-induced martensite fraction is lower than the theoretically 209 

expected from the Ahmedabadi et al. [30] and Shin et al. [31] models. Considering an equivalent 210 

deformation of about 1.8 after 80% CR, the expected vol.% of ’ is about 80% of both models 211 

[29]. Thus, ’ suppression might have occurred and will be discussed in section 4.1.  212 
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 213 

Fig. 3. Phase analysis of the 80S series of HS&ASSs produced by R3 and R4, and its comparison 214 

with homogeneous as-received (IC), solid solution (SSol), and SSol+80CR conditions. a) Phase 215 

contents of martensite are estimated by EBSD and XRD techniques, and EBSD phase contrast for 216 

b) SSol+80CR, c) 80S_650_90min, d) 80S_750_600s samples. 217 

 218 

Figure 4 shows main defects in the HS&ASS 80A samples. The 80A_650_90min, 219 

80A_750_600s, 80S_650_90min, and 80S_750_600s samples were selected as representative of 220 

R1, R2, R3 and R4, respectively. The HS&ASS samples also showed stacking faults and 221 

nanometric grain regions (Fig. 4a and b). From the previously reported HS 316L SS [27], nano-222 
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twins are also expected in the HS&ASSs. Selected area electron diffraction (SAED) images were 223 

inserted in Fig. 4c and d to show nano-twins and nano lamellae, respectively. Besides, TEM images 224 

and EDS analyses (Fig. 4e) showed Cu precipitates, which could be expected from the low 225 

solubility of Cu in the Fe matrix [32], which can be verified from the binary phase diagram [33]. 226 

Thus, the main observed defects by TEM in the HS&ASSs are dislocation tangles (statistically 227 

stored dislocations, SSDs), nano-twins, nano lamellae within grains, and stacking faults. These 228 

defects have been previously reported in non-antimicrobial HS 316L SS [27]. However, from the 229 

low SFE of the 316L SS, planar slip and GND pile-ups can be expected [9]. For grain morphology 230 

and GND estimations, EBSD of the representative HS&ASS 80A_650_90min, 80A_750_600s, 231 

80S_650_90min, and 80S_750_600s samples are shown in Fig. 5. The HS&ASS samples 232 

constitute of ultrafine grains (UFG) and lamellar coarse grains (LCG), i.e., forming 233 

heterostructured lamella structure (HLS) arrangements. These HLS microstructures are similar to 234 

those reported in HS 316L [27]. Due to the difference in grain size and grain distribution, it can be 235 

observed that harder UFG grain zones surround softer elongated LCG zones.  236 
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 237 

Fig. 4. Defects in HS&ASSs: a) stacking faults, b) nano-grains, c) nano-twins, and d) nano 238 

lamellae, with their respective reduced fast Fourier transform (a) or SAED (b-d) patterns, and e) 239 

Cu nanoparticles with chemical mapping by EDS. 240 



16 

 

 241 

The mutual constraining and high mechanical mismatch between soft and hard regions are 242 

essential for activating substantial HDI strengthening [9]. From Fig. 2, a difference of more than 243 

100% in hardness can be expected among the fine-grained 80% CR condition (360 to 368 HVN0.5) 244 

and coarse SSol or A conditions (135 to 148 HVN0.5). Thus, high GND pile-up density is expected 245 

near high-mechanical mismatch interfaces, such as the ones between coarse and fine grains.  246 

Figure 5b.1 to 5e.1 shows the presence of GND pile-ups in green color. As expected, they are 247 

mainly formed in the soft zones (coarse grains), which experience higher deformation than the 248 

hard zones [9]. While the IC sample has 2.9*1012 GNDs m-2, the HS&ASS 80A_650_90min 249 

(18.5*1012 GNDs m-2), 80A_750_600s (19.1*1012 GNDs m-2), 80S_650_90min (9.2*1012 GNDs 250 

m-2), and 80S_750_600s (8.6*1012 GNDs m-2) all showed higher values. The back stress results 251 

from GND pile-ups in the softer regions, while forward stress appears in the harder regions as a 252 

consequence of mutual constraining [34]. Thus, a significant contribution of HDI stress can be 253 

expected in the HS&ASSs, which may improve their mechanical behavior compared to 254 

conventional SS and previously reported antimicrobial SS. The comparison of mechanical 255 

behavior between the HS&ASS and other reported homogeneous and HS 316L will be discussed 256 

in sections 3.2 and 4.2.  257 

 258 
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 259 

Fig. 5. EBSD micrographs that show the a-e) grain and b.1-e.1) GND pile-ups distribution in 260 

samples representative of the a) IC sample, b) 80A_650_90min (R1), c) 80A_750_600s (R2), d) 261 

80S_650_90min (R3), and e) 80S_750_600s (R4). 262 
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3.2.Mechanical behavior evaluation 263 

 264 

Figure 6 shows the hardness of the reference homogeneous conditions (A, SSol, A+80CR, and 265 

SSol+80CR) and the 80A and 80S series of the HS&ASSs produced by different thermo-266 

mechanical routes. The R1 and R3 showed the highest hardness values compared to the R2 and 267 

R4. The difference in hardness may be related to the Cu-particle dispersion during the last stage 268 

of aging. A similar increase in hardness due to Cu precipitation in 316L SS has been reported in 269 

the literature [35,36].  270 

 271 

Fig. 6. Comparison of hardness obtained by the four thermo-mechanical routes (R1 to R4) in the 272 

HS&ASS and their comparison with the homogeneous coarse (A and SSol) and fine (A+80CR and 273 

SSol+80CR) conditions. 274 

 275 

Figure 7 shows the results from tensile measurements in the reference homogeneous and 80A 276 

and 80S series of the HS&ASSs samples produced by different thermo-mechanical routes. The 277 

higher UTS in the R1 and R3 processed samples agreed with their higher hardness shown in Fig. 278 

6.  279 
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 280 

Fig. 7. Comparison of yield strength (YS), ultimate tensile strength (UTS), and uniform elongation 281 

(UE) between a) 80A and b) 80S series produced by different thermo-mechanical routes (R1 to 282 

R4). 283 

 284 

 285 

3.3. Antibacterial assessment  286 

To probe the antibacterial efficacy of new HS&ASSs, the best mechanically performed 287 

materials (80A_650_90min, 80A_750_600s, 80S_650_90min, and 80S_750_600s) selected from 288 

section 3.2 were subjected to the plate counting method (Fig. 8). The bacterial survival rate of E. 289 

coli decreased more sharply and is at least 14% higher in the Cu-bearing samples (homogeneous 290 

and HS&ASS 316LCu) compared to the control sample without copper (316L). After 6 h testing, 291 

the bacterial survival rate of 65.9% for the Cu-free control sample and from 27 to 44% in the Cu-292 

bearing samples was observed. In all cases, the survival rate reaches nearly 0% after 24 hours of 293 

testing.  294 
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No significant change was observed between the homogeneous (IC) and HS Cu-bearing 295 

(HS&ASS) samples against E. coli survival. This result may indicate that the bacterial survival 296 

rate has a low sensitivity to the microstructural changes between the IC and the HS&ASSs samples. 297 

The low bacterial rate sensitivity to the microstructure may be related to the nearly homogeneous 298 

elemental chemical distribution shown in Fig. 4. From the literature, bacterial adhesion in SS is 299 

especially sensitive to surface carbides (sensitized SS) compared to annealed and oxidized SS [37]. 300 

Regarding chemical composition distribution, the IC and the HS&ASSs are closer to the annealed 301 

conditions.  302 

On the other hand, a higher grain boundary length of SS, such as in the HS&ASS compared to 303 

IC, is expected to increase the surface reactivity and promote ion release and cell interaction [9]. 304 

The release of Cu2+ from Cu-bearing 316L SS has been proven to be poisonous for bacteria [18]. 305 

However, small grain size also promotes a more compact surface oxidation layer, thus decreasing 306 

the degradation (corrosion) of the material [9]. It is possible that both mechanisms acted 307 

simultaneously in HS&ASSs. Future research on ion release, electrochemical and oxide layer 308 

formation performance on HS&ASS with different grain size distribution may be helpful to 309 

understand the low sensitivity of the E. coli to the microstructural arrangement.  310 

A slight bacterial increment can be observed for the control, IC and 80S_650_90min samples. 311 

Those increments may be related to the phosphates content (Na2HPO4 and KH2PO4) in the PBS 312 

solution, which has been reported to prolong the survival of E. coli [38]. Other reports have also 313 

shown a slight increase in bacteria colonies, including E. coli, during cellular cultures in the PBS 314 

solution [39]. However, the growth tends to be low due to the near-neutral and low-nutrition nature 315 

of the PBS buffer solution.   316 
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 317 

Fig. 8. Bacterial survival rate of the control sample without copper (316L) and the homogeneous 318 

(IC) and HS Cu-bearing samples produced by different thermo-mechanical routes R1-R4.  319 

 320 

4. Discussion 321 

4.1. Microstructural evolution in the processing routes  322 

From section 3.1., the samples cold rolled up to 80% reduction have a lower martensite content 323 

than theoretically expected [30,31]. The suppression of ’ formation may be related to the Ni and 324 

Cr equivalents (Nieq and Creq) as well as to the SFE of the alloy. According to the Nieq and Creq 325 

calculated from Eq. (1) and (2) [40] 326 

% Ni equivalent (Nieq) = %Ni + %Co + 30(%C) + 25(%N) + 0.5(% Mn) + 0.3(%Cu)    Eq. (1) 327 

%Cr equivalent (Creq) = %Cr + 2%Si + 1.5(%Mo) + 5(%V) + 5.5(%Al) + 1.75(%Nb) + 1.5(%Ti) 328 

+ 0.75 (%W)                                                                                                                       Eq. (2) 329 
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and considering the chemical composition mentioned in Table 1, the Nieq and Creq for 316L and 330 

316LCu alloys are Nieq 316L = 13.6, Creq 316L= 22.31, Nieq 316LCu = 14.608, and Creq 316LCu= 22.75. 331 

Thus, both alloys are located at the austenite-ferrite region of the Nieq-Creq diagram (Fig. 9) [40]. 332 

 333 

Fig. 9. Stable phase regions of the 316L and 316LCu in the Schaeffler diagram according to their 334 

specific chemical compositions after solid solution treatment at 1050°C for 30 minutes and 335 

posterior water quenching. Adapted from [40]. 336 

 337 

From the above, both 316L and 316LCu alloys correspond to an unexpected ’ region. 338 

However, BCC ferrite is linked to BCC martensite in thermodynamics calculations [41]. Besides, 339 

the expected SFE of the 316L (64 mJ m−2 [42,43]) is above the SFE that commonly promotes  340 

to ’ transformation (below 20 mJ m−2 [44]) in SS. Moreover, the Cu addition is expected to further 341 

increase the SFE of the 316LCu alloy [24]. Due to the above, the ’ phase is usually unstable in 342 

316L SS, especially at high temperatures [27]. It has been reported a decrease from 26.4% to less 343 

than 1% of ’ phase in 316L SS cold rolled and annealed at 750°C [27].  344 
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From a reported HS 316L, the increase in deformation twins, dislocations and low-angle grain 345 

boundaries is also expected from cold rolling [27]. Besides, severe grain refinement is expected as 346 

a function of the applied strain and their mechanisms based on shear fracture and sub-division of 347 

nano-twin bundles [9,27].  To obtain the coexistence of coarse and fine grains, partial 348 

recrystallization processes were induced by consecutive heat treatments. The expected 349 

recrystallization initiation sites are the higher energy zones, i.e., fine grains instead of twin 350 

boundaries with lower energy [9]. 351 

As indicated in Fig. 1, ’ to  reversion treatments were applied after the cold rolling. The 352 

austenite finish reversion temperature has been estimated in the literature for austenitic steels with 353 

varying Cr/Ni ratios [41]. A temperature of about 625°C should be theoretically enough for a 354 

complete reversion from strain-induced martensite to austenite. However, Fig. 3 shows the lowest 355 

’ contents by EBSD and XRD at 750°C. The difference between the literature and the present 356 

results might be related to the effects of non-uniform grain size distribution, drag solutes (as Mo), 357 

crystallographic texture, and the effect of Cu addition that were not considered in the literature.  358 

Because of the early recrystallization of fine grains, defects, such as nano-twins, stacking faults, 359 

dislocations (including SSDs and GNDs), and high grain boundary densities are expected. The 360 

abovementioned defects, in addition to multiphase interfaces and Cu precipitates are shown in 361 

Figs. 3 and 4. Both 80S and 80A series showed qualitatively similar microstructural evolution. 362 

The microstructure-mechanical properties relationship will be later discussed in section 4.2.  363 

Besides the abovementioned expected defects, nano lamellae within grains were also found in 364 

the HS&ASS. The SAED inserted in Fig. 4c and 4d distinguish nano lamellae from nano-twins. 365 

Similar nano lamellae in shape but larger in thickness were reported in nickel produced by severe 366 

plastic deformation [45] as well as other severely cold rolled alloys [46,47]. Lamellae are 367 
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commonly formed in the rolling direction as a result of SSDs accumulation that forms dense 368 

dislocation walls after medium-level strains [46]. When increasing strain, dislocation walls arrange 369 

in dislocation cells that form new boundaries. The lamellae are parallel to the rolling direction and 370 

have reduced interface spacing at large strains. This phenomenon can be observed in Fig. 10a and 371 

10b, where ultrafine lamellae and nano lamellae are observed in 80A and 80A_650_90 samples. 372 

Ultrafine lamellae in the 80A sample (Fig. 10a) show the presence of high density of SSDs and 373 

dislocation walls aligned to the rolling direction. It is hypothesized that the partial recrystallization 374 

heat treatments triggered the arrangement of dislocations to form new boundaries. Thus, the nano 375 

lamellae in sample 80A_650_90 (Fig. 10b) showed lower dislocation density.  376 

 377 

 378 

Fig. 10. Lamellae resulting from the applied strain up to 80% CR in a) 80A and b) 80A_650_90 379 

samples.  380 

 381 

Regarding the last stage of the processing routes, partial recrystallization heat treatments lead 382 

to the dislocation arrangements that form new boundaries and atomic diffusion that facilitate grain 383 

growth.  384 
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From Fig. 5, the four studied routes followed similar microstructural evolution paths at different 385 

kinetics under different temperatures. The expected microstructural evolution to form HLS SS by 386 

CR and annealing has been previously described in the literature [9,27]. The formation of shear 387 

bands and twinning are expected during CR processes in low-SFE materials, such as 316L SS [9]. 388 

Strain-induced martensite (Fig. 3) is encouraged by the presence of shear bands and twins, which 389 

acts as nucleation sites. Ultrafine grain or nanometric regions are then formed by i) shear fracture 390 

of micro-twins and  within shear bands resulting in nano-twin and nano lamellae, and ii) 391 

dislocation accumulation at twin boundaries, generating nano-twin bundles (Fig. 4).  392 

During annealing, the reverse transformation occurs, i.e., ’ to  phase transformation. Because 393 

of the Cr/Ni ratio of 1.4, the heating rate of about 40°C s-1, and the high density of GND pile-ups 394 

after annealing or aging (Fig. 5), shear and diffusional reverse transformation  processes may occur 395 

[9]. Only the partial recrystallization occurred due to the short time or medium temperatures used 396 

during the heat treatments.  397 

Due to the lower energy of twin boundaries than grain or shear band boundaries [43], the reverse 398 

transformation during annealing starts at shear bands and nano-grained zones followed by the 399 

nano-twinned regions [27]. As a result, HS&ASSs composed of nano-twins, nano-grains, LCG, 400 

and recrystallized grains embedded in -matrix were observed in Fig. 5. From these 401 

microstructures, it is expected that the HS&ASSs combine multiple strengthening mechanisms, 402 

which will be described in the following section.  403 

 404 

 405 

 406 
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4.2. Microstructure-mechanical properties relationship 407 

From the defects and microstructural configurations shown in section 3.1 and discussed in 408 

section 4.1., all of the known strengthening mechanisms are expected to be activated in the new 409 

HS&ASSs, i.e., interstitial solid solution, substitutional solid solution, multi-phase, TWIP, TRIP, 410 

dislocation accumulation, stacking faults, grain boundaries, second-phase dispersion 411 

(precipitates), and HDI.  412 

Figure 11 shows the differences in mechanical behavior between homogeneous antimicrobial 413 

[35,48], HS non-antimicrobial 316L SS [27] and the HS&ASSs. The yield strength of new 414 

HS&ASSs (up to 1100 MPa) is six times higher than that of the homogeneous 316LCu SS (175 415 

MPa), while the ductility remains adequate for applications. The lower sacrifice of ductility with 416 

strengthening can be explained by the improvement of strain hardening rate in the HSMs obtained 417 

from the four routes. The strain hardening rate of representative heterostructured samples from R1 418 

to R4 routes are compared with the coarse (IC) and fine (80% CR) homogeneous microstructural 419 

conditions in Fig. 12. As a general tendency for all the tested routes, the increase in heat treatment 420 

time and temperature posterior to the CR improves the hardening rate due to the formation of 421 

recrystallized grains. Those grains serve a double function as sites for dislocation accumulation, 422 

which improves strain hardening, as well as high-mechanical mismatch at coarse/fine grains 423 

interfaces, which might trigger the HDI hardening. Together, strain hardening rate and stress-strain 424 

curves show the efficiency of our processing routes with the decrease in strength-to-ductility trade-425 

off of conventional 316L in the following sequence: R3 > R1> R2 > R4.  426 

It is noteworthy that the strength-to-ductility trade-off between HS&ASS produced by R3 and 427 

the non-antimicrobial HS 316L [27] is close. As the most significant difference among them is the 428 

presence of Cu particles, it suggests that precipitates are not playing a considerable role towards 429 
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strengthening. Similar results have been shown in the Cu-bearing 316L SS due to the coherent and 430 

soft nature of Cu [35,36]. Thus, Cu particles may not significantly contribute to the formation of 431 

high-mechanical mismatch interfaces. Therefore, most of the HDI stress may be caused by the 432 

mutual constraining between coarse and fine-grained regions.  433 

 434 

Fig.11. Correlation between yield strength and uniform elongation of this work and results from 435 

the literature, including homogeneous antimicrobial 316L [35,48] and heterostructured 436 

antimicrobial (HS&ASS) and non-antimicrobial 316L [27]. The strengthening mechanisms 437 

associated with every class of materials are included for comparison purposes.  438 
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 439 

Fig.12. Tensile stress-strain curves (solid symbols) and strain hardening rates (open symbols) of 440 

the coarse (IC) and fine (80CR) homogeneous conditions compared to the representative HS&ASS 441 

obtained by the four different routes (R1 to R4) compared in this work.  442 

 443 

Conclusions 444 

Four different low-cost and scalable combinations of conventional techniques were used to 445 

produce new heterostructured antimicrobial stainless steels (HS&ASSs). The HS&ASSs resulted 446 

in heterostructured lamella structures (HLS) composed of soft lamellar coarse grains and harder 447 

ultrafine-grained zones. Multiple defects were also found in HS&ASSs, mainly interstitial and 448 

substitutional alloying elements, twins, multiphasic interfaces, statistically stored dislocations, 449 
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geometrically necessary dislocations, stacking faults, nano lamellae, and copper precipitates 450 

(antimicrobial). From the abovementioned features, as well as the occurrence of strain-induced 451 

phase transformation, the HS&ASS showed an improvement of up to six times in yield strength 452 

compared to its homogeneous counterpart (1100 MPa vs. 175 MPa). An antibacterial property of 453 

the HS&ASSs was proven by killing from 55 to 72% of E. coli bacteria in 6 hours.  454 

This work introduces the fast-emerging field of heterostructured materials to be applied in the 455 

biomedical field and serve as a basis for future research, including systematic studies of the effect 456 

of different antimicrobial metallic particles, the effect of crystallographic texture on the 457 

microstructural and mechanical evolutions, among others.   458 

  459 
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