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Abstract: 316L steel is widely used in various industries and is also one of the metallic materials for 

biomedical applications because of its excellent mechanical properties, corrosion resistance, and 

biocompatibility. This article reports a comprehensive study on the effects of equal channel angular 

pressing (ECAP) and subsequent recovery treatment on the microstructure, mechanical, tribiological, 

and corrosion properties of 316L. The process includes initial annealing at 1050℃ for 2 hours to get 

homogenous microstructure, ECAP at room temperature with 120° inner angle, and subsequent 

recovery treatment at 340℃ for 1 hour. Microstructure was investigated with an optical microscope 

and transmission electron microscope. The mechanical properties were evaluated with hardness and 

compression tests. Corrosion behavior was analyzed with polarization dynamic tests. The wear test 

was performed using a scratching tester, and the volume loss was measured with a profilometer. 

Results of the study show that the ECAP-recovery sample exhibits improved properties than the 

annealed sample and ECAP sample. The corrosion tests show that the ECAP sample has a corrosion 

resistance higher than that of the annealed but lower than that of the ECAP-recovery sample. ECAP-

recovery sample shows the highest wear resistance and corrosive wear resistance among the three 

samples. 

Keywords: 316L; ECAP; recovery; wear; corrosion; mechanical properties 

 

1. Introduction 

316L austenitic stainless steel (ASS) has excellent mechanical properties and corrosion resistance 

[1–3], which has found many applications including those in the bio-medical field, e.g., artificial 

joints, spinal fixation fixtures, orthopedic screws and wires, and dental implants, etc. [4,5]. The 

industrial applications of stainless steel are numerous, such as tubes used for oil and gas transport, 

petrochemicals, refineries, and conveying tubes, because of its excellent resistance to corrosion and 

oxidation [6–8]. 

There are several groups of materials used to make orthodontic and orthopedic implants, 

including chromium and cobalt alloys, austenitic stainless steels, ceramic materials, polymer 

materials, and popular titanium and its alloys [9,10]. Metallic materials are generally stronger than 

hard tissues, so bio-corrosion and biocompatibility are more concerned with metallic materials for 

biomedical applications. Williams [10] suggested that three types of corrosion may exist for dental 

implants: 

1. Stress cracking (SCC); 

2. Galvanic corrosion (GC); 

3. Erosion corrosion (FC); 
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Several methods are used to produce ultra-fine-grain (UFG) alloys, achieved by severe plastic 

deformation (SPD), such as high-pressure torsion, accumulative roll bonding, and equal channel 

angular pressing (ECAP) [11,12]. ECAP is widely used for producing ultrafine grains with sizes in 

the range of several tens of nanometers to 500 nanometers [13–17], which helps improve their 

mechanical properties [18,19]. 

D.M. Xu et al. [20] reported that a significant fraction of austenite transformed into martensite 

after 90% cold reduction. The martensite laths were oriented along the rolling direction. The UFG 

316LN austenitic stainless steel exhibited excellent mechanical properties of high yield strength and 

high plasticity. 

Hajizadeh et al. [21] studied the ECAP effect on the microstructure and mechanical properties 

of 316L. They found that due to the high stability of the austenite phase in the studied steel, 

deformation-induced martensite (DIM) was not observed in samples that experienced ECAP using 

any of the above routes. Based on the X-ray diffraction analysis, the structure after ECAP is 

completely austenitic. They reported that as-received material showed a very wide range of work 

hardening, while such a range for the ECAP samples was narrowed. 

Guilherme et al. [22] investigated the corrosion behavior of UFG Aluminum alloy. They reported 

that ECAP processing enhances the passive corrosion resistance compared to the undeformed 

sample. However, the improvement in corrosion resistance did not consistently increase with the 

number of ECAP passes. Factors such as the distribution of high- and low-angle grain boundaries, 

dislocation density, and fragmentation and redistribution of coarse dispersoid particles play a 

significant role in the corrosion behavior post-ECAP. 

Awang et al. [23] reported that finer and elongated grains were achieved in 316L after the ECAP 

process with correspondingly increased hardness. Their findings showed an improvement in the 

corrosion behavior of ECAP samples in both 0.9% NaCl and E-MEM + 10% NCS. 

Xiaoqian Fu et al. [24] investigated the effect of grain size on the corrosion resistance of rolled 

316L and reported that grain uniformity and intermetallic grain boundary benefited the stability of 

passive films. There are considerable stress concentrations at grain boundaries after rolling, which 

can be reduced by annealing. The more the grain boundaries, the higher the pitting potential. SenSen 

Xin et al. [25] studied the temperature and grain size effect on the corrosion behavior of 316L stainless 

steel in seawater. They showed that fine and coarse grains of 316L stainless steel showed nearly the 

same corrosion resistance at 25℃. However, the pitting resistance of the fine-grain steel was reduced 

greatly and showed lower pitting potential values in comparison with the coarse-grain one. Roston 

et al. [26] reported that the grain refinement improved the corrosion resistance of some alloys such 

as Mg and Ti. For the other materials, it increased and decreased depending on processing and 

environment. The reasons that grain refinement improved the corrosion resistance is attributed to an 

improvement in passive film formation and adhesion because of increasing grain boundary density, 

but discrepancy exists. 

X.Y. Wang et al. [27] investigated a nano-crystalline surface of 304 stainless produced by 

sandblasting and recovery heat treatment. They reported that the nano-crystalline surface showed 

better corrosion resistance, wear, and corrosive wear properties than the as-received one. Research 

on metals reported that ECAP improved wear resistance but some research showed opposite results 

after the ECAP process [28]. For example, it was shown that the improvement in wear resistance of 

pure Ti and TiNi alloy after the ECAP process [29,30]. However, it was also reported that the dual-

phase steel with ultra-fine grain showed a higher wear rate than the coarse-grained one [31]. Nagaraj 

et al. [30] investigated the effect of ECAP on the microstructure and tribo-corrosion characteristics of 

316L stainless steel. They found that the 4th pass sample showed minimum wear volume loss and a 

low coefficient of friction during the tribo-corrosion test due to refined grains that show high 

resistance to plastic deformation. The open circuit potential (OCP) curve of ECAP-processed samples 

shifts to a more negative potential. 

As shown above, the reported studies are not always consistent, implying that the effect of ECAP 

on wear, corrosion, and corrosive wear has not been fully understood. Severe plastic deformation 
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(SPD) introduces high-density dislocations cells, which harden the materials but make them more 

susceptible to corrosion or electrochemical attacks. The recovery treatment can turn the nano-scaled 

dislocations cells into nano-grains, thus increasing not only the hardness but also the resistance to 

corrosion [27]. Much research already investigated the effect of the ECAP process on 316L properties. 

This study was conducted to investigate how the ECAP process affects material properties, including 

mechanical, tribological, and electrochemical properties for further understanding of the mechanism 

behind it. In particular, efforts were made to understand the effects of subsequent recovery treatment 

(at low temperatures) on microstructure, and the properties of 316L were, to fabricate 316L steel with 

optimal properties for bio-medical and industrial applications. 

2. Materials and Methods 

For this study, 316L steel is used in rod form with a diameter of 4mm. The chemical composition 

of material is shown in Table 1. 

Table 1. Chemical composition of 316L. 

Element Fe Cr Ni Mn C Mo Si 

Present (Wt.%) Bal 18.2 12.1 1.9 0.03 2.3 1 

The as-received steel was in an austenite state and annealed at 1050℃ for 2 hours in an Argon 

atmosphere (to prevent oxidation) to achieve a homogenous microstructure and it cooled in the 

furnace [33]. The Equal Channel Angular-Pressing (ECAP) was performed at room temperature by a 

50-ton hydraulic press. Graphite powder was used as the lubricant to decrease the friction coefficient 

between samples and die. Samples after two ECAP passes are shown in Figure 1. To gain optimal 

grain refinement, the Bc route was used based on previous research [11]. The inner contact angle was 

120 degrees, while the outer arc of curvature was 60 degrees. Some of the ECAP samples were then 

heat treated, i.e. recovery treatment at 340℃ for 1 hour in the Argon atmosphere, followed by cooling 

in the furnace. For microstructure observation, samples were polished with sandpaper and then 

etched with Aqua regia solution (Nitric acid and Hydrochloric acid in a molar ratio of 1:3). 

Microstructure characterization and grain size measurement were carried out by optical microscopy 

(OM), and then by Transmission Electron Microscopy (TEM) for more details including 

microstructure and dislocations density analysis. A JEOL-JEM 2100 equipped with a Gatan imaging 

filter operated at 200 KV was used for the TEM analysis. TEM foils were prepared by mechanical 

grinding followed by electrochemical polishing. 

 

Figure 1. The ECAP die (left image) and samples after two ECAP processes (right side). 
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The X-ray Diffraction (XRD) analysis was conducted using a D8-Bruker machine for phase 

detection. The peak profiles were analyzed using Xpert Highscore software. 

For evaluation of the mechanical properties, the compressive test and hardness tests were 

performed, respectively. The hardness test was done under a 100 kg load. The sample diameter and 

length for compression tests were 4mm and 7mm, respectively. The compression test was carried out 

with 0.05mm/min and each alloy were tested three times to ensure reproducibility. One of the reasons 

for using compressive tests to evaluate the mechanical properties of the samples is the consideration 

that dental implants may bear more compressive force, which could be predominant. Yield stress, 

max stress (i.e. the stress peak before failure), and energy absorption up to strain of 70% (samples 

didn’t fail till the maximum load of the machine) were determined for the three samples. 

For corrosion behavior analysis, electrochemical tests were performed, including measurements 

of Open Circuit Potential (OCP) and potentiodynamic polarization, using GAMS within a standard 

three-electrode setup. The setup consists of a platinum sheet as the counter electrode, a calomel 

electrode as the reference, and a working electrode with a 0.4 cm² surface area. Potentiodynamic 

polarization curves were obtained over a potential range of -0.5 to +1.5V relative to OCP, employing 

a rate of 0.33 mV/s. The corrosion experiments were performed in both 3.5% NaCl solution and 5% 

HCl solution at room temperature. The NaCl solution simulates a chloride-containing environment, 

while the HCl solution simulates a low-pH environment. The electrochemical tests were carried out 

at least three times for data reproducibility. 

The wear resistance of a sample was investigated using an R-tec tribo-meter. During the test, a 

four-sided pyramidal Vickers diamond tip reciprocally scratched the surface at a velocity of 

0.5mm/sec for 20 min under different applied loads, 10 and 20 N. The material loss was determined 

by measuring the volume loss in the worn region using a profilometer. Corrosive wear tests were 

performed with the same tribo-meter using a ceramic ball tip of 6mm in diameter under a force of 

5N. The corrosive wear tests were performed in 5%HCl and 3.5% NaCl. In addition, dry wear tests 

were also performed with the ceramic ball tip to compare the results of the corrosive wear and dry 

wear tests. 

3. Results 

Figure 2 shows the OM images of steel samples in three states after etching, which are mainly in 

the austenite phase. The images show that twins were created by the ECAP process. Corresponding 

changes in grain size for the three samples are shown in Figure 3. As observed, the grain size is 

decreased by the ECAP process, which slightly increases by the subsequent recovery treatment. 

 

Figure 2. Optical microscope images of samples a) annealed, b) after the ECAP, and c) after the ECAP-recovery 

treatment. 
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Figure 3. Grain sizes of the three samples. 

For more detailed information on structure and microstructure such as dislocations density, 

twins, and the possibility of new phase forming, TEM analysis was conducted. Figure 4 displays TEM 

images of the three samples, showing that the ECAP introduced deformation twins in the austenite 

structure of the steel (see Figure 5), which remain in the steel after the recovery treatment. No phase 

deformation was observed after the ECAP. 

 

Figure 4. TEM image results for three samples a) Annealed b) ECAP 3) ECAP-recovery. 
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Figure 5. TEM images of ECAP and ECAP-recovery samples. Twins can be seen clearly. (a and c) ECAP and 

ECAP-recovery samples, respectively; (b & d) - selected area electron diffraction patterns for the ECAP and 

ECAP-recovery samples, respectively. 

Figure 6 illustrates dislocations in the three samples. There are some dislocations in the annealed 

sample, and the dislocation density is considerably increased by the ECAP, which is decreased by the 

subsequent recovery treatment. Table 2 provides dislocations density for the three samples. As 

shown, the dislocation density increases by two orders of magnitude after the ECAP process, and it 

is decreased to half by the subsequent recovery treatment. 

 

Figure 6. Dislocations in the three samples: a) annealed, b) ECAP, and c) ECAP-recovery. 

Table 2. Dislocation densities in three samples. 

Sample Annealed ECAP ECAP-recovery 

Present (Wt.%) 3.08x109 cm-2 3.23x1011 cm-2 1.29x1011 cm-2 

The increase in dislocation density results in an enhanced strain-hardening effect. The hardness 

of the samples was measured, shown in Figure 7. As demonstrated, the hardness increases from 27.5 

to 64.5(2.34 times) after the ECAP process, and the subsequent recovery treatment further increases 

it slightly from 64.5 to 65.5. Such a slight increase in hardness, even if the dislocation density decreases 

as shown in Table 2, implies that the recovery treatment renders the defect configurations more stable 

or raises the barriers to defects’ generation and movement. 

For more information on the influences of ECAP and the recovery treatment on mechanical 

behavior, compressive tests were performed. Figure 8 displays stress-strain curves obtained from the 

compressive tests. None of the samples failed under compressive force up to 40 KN due to the high 

formability of 316L steel. 
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Figure 7. Hardness results under a load of 100 g. 

 

Figure 8. Compressive stress-strain curves of the three samples. 

According to the compressive tests, the ECAP increases the yield stress from 154MPa to 

1213MPa (nearly 8 times), which further increases to 1244 MPa by the recovery process. The 

variations in the yield strength are consistent with the hardness values of the three samples. 

 

Figure 9. Compressive yield strengths of the three samples. 

For wear resistance, the energy absorption ability is beneficial, since it helps dissipate 

deformation energy and reduce the damage to the crystal lattice. In this study, the energy absorption 

up to the strain of 70% was determined from the compressive stress-strain curves for 316L in different 

states. As shown in Figure 10, the energy absorption increases from 93.4MPa to 113.2MPa after the 

ECAP process, and it increases a little more after the subsequent recovery treatment. 
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Figure 10. Energy absorption values of the three samples, determined from the compressive stress-strain curves 

up to the strain of 70% (Figure 7). 

The XRD patterns of the samples in the three states are displayed in Figure 11, with a focus on 

the 2θ range of 36-56°. As shown, the three samples have similar XRD patterns, characterized by two 

main peaks of γ phase, meaning that the ECAP and ECAP-recovery processes did not change the 

structure of the steel, except by introducing dislocations and deformation twinning. 

 

Figure 11. XRD patterns of 316L steel samples in three states. 

Effects of ECAP and ECAP-recovery treatments on the corrosion behavior of the steel were 

investigated. Potentiodynamic polarization curves of the three samples in 3.5%NaCl and 5%HCl 

solutions, respectively, were obtained. Figure 12 illustrates the polarization curves of the 316L alloy 

in three states: annealed, ECAP-treated, and ECAP-recovery-treated. In the 3.5%NaCl solution, the 

annealed and ECAP-treated samples show similar corrosion potentials while the subsequent 

recovery treatment markedly increases the corrosion potential or the susceptibility to corrosion. In 

the acidic solution, the corrosion potentials of the three samples are similar. However, the ECAP and 

ECAP-recovery treatments decrease the corrosion rates in both solutions (see values given in the table 

in Figure 12). It is clear that the recovery treatment helps improve the corrosion resistance, since it 

may reduce the strain energy, rendering the material closer to a more stable state, and improve the 

adherence of surface film to the substrate through reducing the interfacial defects. 
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Figure 12. Dynamic polarization curves of samples in the three states, determined in 3.5%NaCl (left) and 5%HCl 

(right) Solutions, and obtained Im values. The ECAP-recovery sample performed the best in both solutions. 

In this study, scratching wear tests were performed for the three samples. The wear resistance 

of the samples was evaluated by measuring the volume loss caused by reciprocal scratching with a 

diamond tip over a certain time. Figure 13 illustrates a sample scratching track, whose dimensions 

were measured using a profilometer. As shown in Table 3, the measured volume losses caused by 

reciprocal scratching under 10 N indicate that the wear resistance of the annealed sample is slightly 

higher than that of the sample that experienced the ECAP treatment, but the subsequent recovery 

treatment noticeably enhances the wear resistance. However, under 20 N (see Table 4) the ECAP 

sample performed better than the annealed one. Again, the recovery treatment considerably 

improves the wear behavior under the larger load. The ECAP-recovery sample shows the highest 

wear resistance under different loads. 

 

Figure 13. Example of measuring volume loss (up image) and max depth with profilometer machine. 

Table 3. Scratch test result under 10 N. 

Sample Anneal ECAP ECAP-recovery 

Max depth (μm) 23.8 ± 1 21 ± 1 16.4 ± 1 

Volume loss (μm3)e6 9.8 ± 1 10.6 ± 1 6.8 ± 1 
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Table 4. Scratch test result under 20 N. 

Sample Anneal ECAP ECAP-recovery 

Max depth (μm) 49 ± 2 30 ± 1 24 ± 1 

Volume loss (μm3)e6 31 ± 1 27.5 ± 1 12 ± 1 

The resistances of the steel in the three states to corrosive wear were also evaluated respectively 

in 3.5%NaCl and 5% HCl solutions under a load of 5N, results of which are shown in Table 5. As 

shown, the volume loss caused by corrosive wear decreases by the ECAP, and the ECAP-recovery 

results in the lowest volume loss. 

Table 5. Volume loss (μm3)e6 for corrosive wear test under 5N load in different corrosion environment. 

Sample Anneal ECAP ECAP-recovery 

Dry wear 1 1.6 0.6 

3.5%NaCl  0.37 0.8 0.32 

5% HCl 1.6 2.7 1.2 

4. Discussion 

As shown earlier, the annealed sample has an average grain diameter equal to 28.7μm, which is 

decreased to 17.7μm by the ECAP, and then is slightly increased to 19.87μm by subsequent recovery 

treatment. This is understandable since severe plastic deformation can squeeze grains and generate 

dislocations cells, leading to reduced average grain size. When the recovery treatment is applied, 

dislocations may be locally rearranged, slightly increasing the grain size and turning the dislocation 

cells into nano-grains. According to the Hall-Petch relationship, the smaller grain size increases the 

hardness of the material. Besides, the increased dislocation density promotes strain-hardening, 

making important contributions to the hardness of the material. Furthermore, the ECAP-induced 

deformation twinning may interact with dislocations, thus further enhancing the strain-hardening 

effect. The high ductility of UFG 316LN austenitic stainless steel was due to twinning, while in 

commercial steel, strain-induced ά-martensite contributed to high ductility [20]. The above-

mentioned factors are responsible for the increases in mechanical strength. As shown, the hardness 

of the steel increases by 2.34 times after the ECAP process, and it doesn’t change much after the 

recovery process. During the compressive tests, none of the samples failed under the load up to 40 

N. The compressive yield strength increases by 7.8 times after the ECAP process, and it doesn’t 

change noticeably after the recovery treatment. Energy absorption increases after the ECAP process 

and it increases slightly after the recovery treatment. For UFG metallic materials processed by severe 

plastic deformation techniques, the annihilation of mobile dislocations and the clustering of the 

remaining dislocations into low-angle grain boundaries during annealing can yield hardening. It is 

also shown that plastic deformation after annealing can cause a restoration of the yield strength and 

hardness to the same level as observed before annealing. The possible reasons for this deformation-

induced softening effect are discussed in detail [34]. 

The corrosion resistance of the steel is improved by ECAP in both solutions (see Figure 12). The 

reason could be mainly ascribed to the fact that the grain refinement promotes Cr diffusion along the 

grain boundaries, thus accelerating passivation and the formation of passive film. The subsequent 

recovery treatment increases the benefits by reducing the SPD-induced disordering and turning 

dislocation cells into nano-grains, thus enhancing the adherence of passive film to the substrate [26]. 

The wear test results show that the wear resistance of the steel is not affected much by ECAP 

under 10 N but the benefit of ECAP on the wear resistance shows up under a larger contact load of 

20 N. The beneficial effect of ECAP on the wear resistance becoming pronounced under larger loads 

is understandable, since as the wear attack becomes more severe, the mechanical strength raised by 

ECAP may render its benefits to the wear resistance more standing out. The higher mechanical 

strength reduces the contact area and the depth of asperity penetration, and thus plowing and 
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delamination processes. As for the subsequent recovery treatment, its benefits to the wear resistance 

are constantly obvious, since it decreases the stress concentrations and favors the toughness. As a 

result, a combination of hardness and toughness always helps reduce wear, no matter whether the 

wearing force is large or small. 

It is noticed that under a further smaller load of 5 N, the ECAP sample shows a larger volume 

loss, compared to the annealed one (see Table 5). This could be related to a kind of surface singularity. 

In the bulk material, dislocations can mutually interact, e.g., pinning and tangling each other, leading 

to strain-hardening and enhanced wear resistance. However, if the wearing force is small, the 

deformation occurs only is a shallow surface layer. Such mutual interaction of dislocations and other 

lattice defects could be largely weakened since dislocations and defects are relatively free to move to 

the surface, bear in mind that the surface loses the constraint from the other half the lattice. As a 

result, atoms on the surface could be readily removed layer by layer, especially when the surface has 

a higher degree of disordering or with more accumulated dislocations or defects. In corrosive 

environments, such damage could be enlarged as shown in Table 5. On the surface, electron 

localization and stability are different from those inside the bulk, thus influencing the surface's 

mechanical and electrochemical behaviors. Such singularity of physical surfaces is certainly worth 

further investigation. The subsequent recovery treatment can reduce the disordering and enhance 

the adherence of the passive film to the substrate as well as the surface singularity, leading to a higher 

resistance to both dry wear and wear in the corrosive solutions regardless of the contact force, as 

observed in the present study (Table 5). This study demonstrates the necessity of recovery treatment 

after ECAP for improving the mechanical, tribological, and electrochemical properties of 316L steel, 

which is also applicable to other passive alloys. 

Wear resistance is influenced by multiple factors, e.g., microstructure and properties of 

materials, the type and magnitude of contact force, mechanical action, environmental corrosivity, 

temperature, and their synergy [35–39]. Thus, tailoring microstructure using various approaches, e.g., 

ECAP, heat treatments, texture control, phase transformations, surface microstructure control, 

loading conditions, etc. [37–50], is the primary task of materials engineering. 

5. Conclusions 

In this study, the effects of equal channel angular pressing (ECAP) and subsequent recovery 

treatment on microstructure, mechanical, tribological, and corrosion properties of 316L steel were 

investigated. The following conclusions are drawn: 

 The ECAP increased the dislocation density by 2 orders of magnitude and introduced 

considerable deformation twinning, leading to an increase in the compressive yield strength of 

the steel by about 8 times. The subsequent recovery treatment slightly increased the yield 

strength. Corresponding hardness was increased by more than two-fold. 

 The ECAP and ECAP-recovery improved the ability of energy absorption by about 23% at a 

compressive strain of 70%, which helped enhance the steel’s resistance to wear attacks. 

 The ECAP process improved the corrosion behavior. The subsequent recovery treatment 

markedly increased the corrosion resistance due to lowered dislocation density or strain energy 

and improved adherence of surface film to the substrate by reducing the interfacial defects. 

 The ECAP was beneficial to the wear resistance of the steel but not under low loads. The benefit 

became pronounced as the contact load increased. However, ECAP-recovery always markedly 

enhanced the wear resistance regardless of the contact load. ECAP-recovery also markedly 

enhanced the corrosive wear resistance of the steel. 

 The recovery treatment is essential to reduce the degree of disordering and stress concentrations 

caused by ECAP, which is effective in improving the mechanical properties and elevating 

resistances of 316L steel to wear, corrosion, and corrosive wear. 
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