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Abstract Friction hardening was employed to improve the

tribological properties of AISI 316L austenitic stainless

steel (ASS 316L). The process was conducted using a hard

indenter (74 ± 1 HRC) under the travel speeds of 90, 180,

and 360 mm/s for 30 and 60 passes. The results showed

that FH increased the surface hardness of annealed ASS

316L alloy by 180%. The sliding wear tests also showed

the positive impact of FH on the wear resistance and

friction behaviour. For instance, at the applied pressure of

1 MPa, the wear rate and coefficient of friction (COF) of

FHed ASS 316L sample (90 mm/s, 30 passes) were

reduced by 68 and 20%, respectively, as compared to those

of the annealed sample.

Keywords AISI 316L � Friction hardening � Hardness �
Tribology � Friction � wear

1 Introduction

Due to their outstanding corrosion and oxidation resistance,

excellent formability, non-magnetic properties, good bio-

compatibility, and appropriate weldability, ASSs are

widely used in different field of industries [1, 2]. However,

the low hardness, low yield strength, and poor tribological

properties, which lead to low sliding wear resistance, high

COF, and high tendency to adhesive wear [1, 3], restrict

their application in the areas where high tribological

properties are required.

Many attempts have been made to enhance the tribo-

logical properties of ASSs, the most important of which are

thermochemical diffusion techniques such as carburizing,

nitriding, and carbonitriding [4–6], electroplating [7], sur-

face implanting [8], surface alloying [9], laser surface

remelting [10], physical vapour deposition [10], surface

coating [11, 12], and severe plastic deformation (SPD)

techniques [10, 13, 14]. Despite high effectiveness in sur-

face hardness improvement, they are often cost-intensive,

require special equipment/materials, or can be applied on

the samples with specific geometry/dimensions.

Friction hardening is a simple, cost-effective hardening

method which does not significantly increase the surface

temperature, does not need special equipment, and can be

simply applied on flat or curved surfaces. In this process, a

hard/rigid indenter is forced on the surface under a speci-

fied load and then slid in a specific direction for a definite

number of passes. During this process, the surface material

experiences substantial friction-induced strains producing

ultrafine structures with outstanding mechanical properties

[15, 16].

The impact of FH on improving the hardness/mechani-

cal properties of Cu [17], Ta [18], carbon/constructional

steels [19, 20], and metastable austenitic Cr–Ni steels [21]

has been investigated. Makarov et al. [22] also showed that

FH-induced surface nanostructuring increases the abrasive/

adhesive wear resistance of quenched medium-carbon

steels. They also showed that FH can considerably enhance

the wear resistance of laser-hardened U8 (0.83 wt% C)

steel [23] and reduce the COFs upon sliding friction at high

speeds (more than 2.5 m/s). Shahriari et al. [24] demon-

strated that FH substantially improves the dry sliding wear

resistance and lowers the average COF of the Ti-6Al-4 V

alloy when it is worn against a hardened steel counterface.

Despite its proven effectiveness, no study has attempted so
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far to improve the tribological properties of ASSs through

FH treatment. On this basis, this study was conducted to

investigate the effect of FH process on the surface hard-

ness, dry sliding wear resistance, and friction behaviour of

ASS 316L.

2 Materials and Methods

The FH process was performed at 25 �C using a CNC

milling machine through reciprocating sliding of a hard

tungsten carbide pin (74 ± 1 HRC) with the nominal

diameter of 4.5 mm on the surface of annealed ASS 316L

plates (16.5Cr-11.5Ni-2.4Mo-1.2Mn-0.8Si-0.03C) (in wt.

%). A schematic view illustrating the FH process is shown

in Fig. 1a. Figure 1b represents the geometry and dimen-

sions of the pin and Fig. 1c shows the surface morphology

of unprocessed/FH-processed regions in an FHed sample.

The sliding operation was conducted at traverse speeds of

90, 180, and 360 mm/s for 30 and 60 passes. The processed

samples were named according to their process parameters

as a two-part number code. The first part refers to the pin

traverse speed (in mm/s) and the second part (after the

dash) refers to the number of passes.

The Vickers microhardness test (ASTM E384-99) was

conducted at the applied load of 0.2 kg for a dwelling time

of 15 s on the cross section of FHed samples from the

processed surface towards their bulk. The average of six

indentations is reported as the final microhardness value.

The pin-on-disc dry sliding wear tests were conducted at

ambient temperature and the sliding speeds of 0.1 and

0.2 m/s for a sliding distance of 1000 m under the applied

pressures of 0.25, 0.5, and 1 MPa. Rectangular pins

(5 9 5 9 15 mm) with a flat surface in the contact region

were wire cut from the samples (Fig. 2c). A hardened AISI

52,100 steel (60 ± 2 HRC) was used as the counterface.

The X-ray diffraction analysis (XRD) was conducted using

a Cu-Ka radiation diffractometer with a step size of 0.04

and a step time of 2 s.

Standard metallographic procedures were carried out on

metallography samples before being etched. The electro-

chemical etching was conducted by placing the samples as

anode, an AISI 316L steel as cathode, and HNO3 solution

(60%) as electrolyte. The electric potential was 1 V and the

current density was 0.1 A/mm2. An optical microscope was

used for evaluating the alloys microstructure. The worn

surfaces, subsurfaces, and wear debris were examined by a

scanning electron microscope (SEM) equipped with an

energy-dispersive X-ray spectroscopy (EDS) detector.

3 Results and Discussion

3.1 Microstructure and Hardness Analysis

The variation of subsurface microhardness of FHed sam-

ples with the depth below their treated surface is shown in

Fig. 2a. As seen, the microhardness substantially increases

while travelling from undeformed matrix towards the

friction-treated surface. Irrespective of the processing

parameters, the maximum hardness is observed at the depth

of about 10–15 lm below the FHed surface. However, the

maximum hardness value is obtained at the traverse speed

of 90 mm/s for the sample processed for 30 passes

(Fig. 2b). Figure 2c shows the heavily deformed subsur-

face microstructure of 90–30 sample. As seen, the

Fig. 1 a Schematic diagram

showing FH process, b the

geometry and dimensions of the

pin, and c the surface

morphology of unprocessed/

FHed regions
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unaffected (annealed) microstructure is consisted of

equiaxed grains which gradually turn into the severely

deformed/refined grains while travelling towards the sur-

face at the depth of about 50 lm below the surface.

Fig. 2 a Microhardness profile and typical cross-sectional microstructure of the FHed samples, b effect of processing parameters on the

maximum microhardness of FHed samples, c cross-sectional microstructure of 90–30 sample showing the heavily deformed surface layer

Fig. 3 a XRD patterns and b Williamson–Hall plots of the annealed and 90–30 samples, c formation of a0-M (shown by arrows) on the shear

bands near the surface deformed layer of 90–30 sample, and d a typical thermographic image illustrating the maximum surface temperature of

90–30 sample during FH
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Figure 3a compares the XRD patterns of the annealed

and 90–30 samples. As seen, the new diffraction peaks

appear in the XRD pattern of FHed sample which can be

indexed to the formation of strain-induced a0-martensite

(a0-M) [25, 26] as indicated in Fig. 3c. The formation

mechanisms of strain-induced martensite in ASSs have

been the focus of many studies. According to [27],

applying plastic deformation produces high density of

dislocations/defects and, accordingly, stacking faults as the

major sources of martensitic transformation in ASSs. The

stacking faults are highly ordered in the FCC lattice with

hexagonal symmetry arrangement like hcp e-martensite (e-
M) [28]. Therefore, considering the low stacking fault

energy of ASS 316L [29], their emergence is likely to

initiate the formation of e-M on the close-packed (111)

planes of matrix.

The e-M plays a key role in nucleation of a0-M [26, 30].

Therefore, during the low temperature plastic deformation

of ASSs (Fig. 3d), the following transformations are likely

to occur, increasing the hardness/strength of the substrate

with a sufficient reserve of plasticity [31]:

g� Fe FCCð Þ ! e�M HCPð Þ ! acj �M BCCð Þ

The above-reported phase formation sequence is in

accordance with that reported in [29, 30, 32].

By using the XRD patterns, it is also possible to estimate

the effect of FH on the average grain size of samples by the

Williamson–Hall approach (Eq. 1) [33]:

b cos h ¼ 0:9k
t

þ Dd
d

� �
4 sin h ð1Þ

where k is the wavelength of the X-ray beam, b is the line

broadening at the full width at half maximum (FWHM)

after subtracting the instrumental line broadening (in

radians), h is the Bragg angle (in degrees), Dd
d

� �
is the

strain, and t is the crystallite size.

If bCosh is plotted against 4Sinh, a linear trend is

obtained (Fig. 3b) whose intercept value shows the crys-

tallite size of the sample. It is evident that FH is capable of

effective refining of ASS 316L grains where the average

size of crystallites (as a suitable measure of the grains size)

in 90–30 FHed sample is about 12 nm. The effectiveness of

FH in grain refinement has been also reported elsewhere

[15, 18, 34, 35]. According to these studies, upon the FH

processing, lamellar dislocation cells and sub-grain

boundaries are extensively formed in the affected zone.

Transformation of sub-grain boundaries to the smaller

substructures greatly promotes the formation of ultrafine

grains in the affected region which broadens the XRD

peaks.

3.2 Tribological Properties

The variation of wear volume against the applied pressure

at different sliding speeds of 0.1 and 0.2 m/s for the

annealed and 90–30 FHed samples is shown in Fig. 4. As

seen, at a given sliding speed/applied pressure, the FHed

samples show lower wear as compared to the annealed

sample. For instance, at the applied pressures of 0.25 and

1 MPa, the wear volume of FHed sample is lower than that

of the annealed sample by 60 and 68% (for the sliding

speed of 0.1 m/s) and by 50 and 65% (for the sliding speed

of 0.2 m/s), respectively. It is also evident that, under the

sliding speed of 0.2 m/s, the wear volume follows a

decreasing trend with the applied pressure.

The volumetric wear loss of materials is adversely

proportional to their hardness [36]. Therefore, as the

material hardness/yield strength increases, the adhesion

probability between interacting asperities decreases, lead-

ing to a lower sliding-induced substrate flow. This can

improve the tribolayer stability on the worn surface. The

tribolayer, which is also known as a tribo-oxide layer, is

formed on the surfaces of rubbing pairs through mechano-

chemical/tribo-chemical processes comprising of genera-

tion, oxidation, mechanical mixing, compaction, and tribo-

sintering of wear particles [37, 38]. The tribolayer forma-

tion, depending on the type, composition, and size of its

constituents as well as its bonding strength with the sub-

strate, significantly affects the wear behaviour. This is

because its existence is likely to restrict the adhesion

between surfaces and, due to its low shear strength [38], it

can reduce the effective COF causing less frictional heat to

be generated and lower amplitude of applied surface shear

strains.

Figure 5 shows the surface morphology of the annealed

and 90–30 FHed samples worn at the applied pressures of

0.25 and 1 MPa under the sliding speed of 0.1 m/s.

Fig. 4 Variation of wear volume of the annealed and 90–30 FHed

ASS 316L samples against the applied pressure for different sliding

speeds of 0.1 and 0.2 m/s
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According to the EDS results (Table 1), under the applied

pressure of 0.25 MPa, the worn surface of both samples has

been covered by protective tribolayer. The higher amount

of delaminated craters/pits and microcracks on the worn

surface of the annealed sample (Fig. 5a) can be due to the

lower stability of its tribolayer. However, in accordance

with the wear results (Fig. 4), the low severity of surface

damage, shallow depth of craters/pits, and relatively simi-

lar chemical analyses of points A and B on the worn sur-

face of the annealed sample (Table 2) imply that,

irrespective of the applied pressure, the wear of both

samples has occurred in a mild regime through oxidative

wear, tribolayer delamination, and abrasion mechanisms.

Figure 6 shows the variation of COF of the annealed and

90–30 FHed samples during sliding under the applied

pressures of 0.25 and 1 MPa at the sliding speed of 0.1 m/

s. As seen, after an initial running-in period in which the

interaction between the asperities is initiated, the steady

state process is achieved where the asperities are adopted

and the surfaces are in intimate contact. Higher contact

Fig. 5 Worn surface morphology of a, c annealed sample and b, d 90–30 FHed sample at the applied pressures of 0.25 and 1 MPa (sliding speed

of 0.1 m/s)

Table 1 EDS analyses of the points shown in Fig. 5

Chemical analysis, wt. %

O Si Cr Fe Ni Mo

Point A 50.32 0.47 9.09 35.40 3.25 1.47

Point B 38.23 0.51 8.55 39.33 11.37 2.01

Point C 49.86 0.46 9.30 32.96 5.28 2.14

Point D 47.18 0.58 13.75 28.46 8.16 1.87

Point E 8.20 0.42 18.01 61.28 10.11 1.98

Point F 51.32 0.47 10.16 29.42 6.92 1.71
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area, surface work hardening of the sliding pairs, and

activation of three-body abrasive wear have been proposed

as the main factors responsible for running-in period [39].

It is evident from the COF plots that FH decreases the

average value and fluctuations of COF where at the applied

pressures of 0.25 and 1 MPa, the COF of FHed samples has

decreased by 13% and 20%, respectively. According to the

XRD analysis (Fig. 3a, b) and SEM examination of worn

surfaces (Fig. 5), this can be attributed to higher substrate

hardness (Fig. 2a) due to the formation of ultrafine grains

and FH-induced martensite which, in turn, encourage the

formation of a dense, smooth, and protective tribolayer on

the worn surface of FHed sample.

The surface morphologies of the annealed and 90–30

FHed samples worn under the applied pressure of 1 MPa at

the sliding speed of 0.1 m/s are shown in Fig. 5c and d,

respectively. Considering the EDS analysis results

(Table 1), the surface of 90–30 FHed sample (Fig. 5d) has

been covered by a protective tribolayer. However, the local

detachment of tribolayer from the worn surface of the

annealed sample (Fig. 5c) indicates that its wear is in a

relatively severe regime.

The SEM micrographs showing the cross section of the

annealed and 90–30 FHed samples worn at the applied

pressure of 1 MPa are given in Fig. 7. As seen, because of

the increased substrate temperature (due to the higher work

of friction) and higher friction-induced shear strains, the

substrate of the annealed sample experiences higher plastic

deformation which, in turn, makes the tribolayer unsta-

ble and encourages its removal as wear debris. Local

Table 2 EDS analyses of the points shown in Fig. 10

Chemical analysis, wt. %

O Si Cr Fe Ni Mo

Point A 49.19 0.53 7.14 32.94 8.32 1.88

Point B 47.94 0.50 8.49 29.25 11.92 1.90

Point C 29.36 0.56 11.47 46.91 9.88 1.82

Point D 4.48 0.47 17.34 64.58 11.06 2.07

Point E 48.17 0.51 10.40 30.19 8.81 1.92

Fig. 6 Variation of COF against sliding distance for a, c annealed sample and b, d 90–30 FHed sample at the applied pressures of 0.25 and

1 MPa (sliding speed of 0.1 m/s)
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failure of the tribolayer increases the chance of adhesion

between asperities while the generation of loose debris

promotes three-body abrasive wear. Therefore, as shown in

Fig. 6c, an increase in the sliding speed increases the

average COF and the range of its fluctuations.

The morphology and EDS analysis of the wear debris

corresponding to the annealed and FHed samples worn at

the applied pressure of 1 MPa and sliding distance of

0.1 m/s are shown in Fig. 8. As seen, in accordance with

the surface/subsurface observations (Figs. 5 and 7), the

formation of large wear particles with the analysis close to

that of the metallic substrate (Fig. 8c) confirms the severe

delamination of tribolayer in the annealed sample. How-

ever, the wear particles corresponding to 90–30 FHed

sample include lumpy debris generated by the tribo-sin-

tering of fine equiaxed particles and fine flaky debris. The

Fig. 7 Subsurface microstructure of a annealed and b 90–30 FHed samples

Fig. 8 a, b Wear debris morphology of annealed and 90–30 FHed samples, respectively, c, d EDS analyses of points A and B, respectively
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composition of both debris (Fig. 8d) is similar to that of the

tribolayer from which they are generated (Table 1).

Therefore, the oxidative wear followed by severe delami-

nation/abrasion and localized adhesion can be regarded as

the main operative mechanisms in the dry sliding wear of

annealed sample. Moreover, mild delamination/abrasion of

the tribo-oxide layer is believed to be the main wear

mechanism in the case of 90–30 FHed sample.

The effect of the applied pressure (0.25 and 1 MPa) on

the worn surface morphology of the annealed and 90–30

FHed samples after sliding at a speed of 0.2 m/s is shown

in Fig. 9. Comparing these micrographs with the ones

presented in Fig. 5 indicates that, irrespective of the FHed

sample (Fig. 9b) whose worn surface is covered by a rather

smooth and protective tribolayer with the EDS analysis

shown in Table 2 (Point B), an increase in the sliding speed

increases the surface damage. This is seemingly due to the

thermal softening of the substrate [40–42] which decreases

its potential to support the tribolayer and promotes the

formation of delaminated craters, pits, and abrasion

grooves (ploughs).

A fish-scale pattern, comprising of microcracks propa-

gated normal to the sliding direction, is observed on the

tribolayer of the annealed sample worn under the applied

pressure of 0.25 MPa (Fig. 9a). The tribolayer analysis is

shown in Table 2 (point A). The emergence of fish-scale

pattern can be attributed to the tribolayer flow through

stick–slip adhesion events [43, 44]. The EDS analyses of

points C and D on the worn surface of the annealed sample

tested at an applied pressure of 1 MPa and sliding speed of

0.2 m/s are also shown in Table 2. In agreement with the

wear results (Fig. 4), the EDS analysis of point D (Table 2)

implies the severe wear of sample by local removal of its

tribolayer through the plastic deformation or ploughing

mechanism.

Figure 10 shows the morphology of the wear debris

generated during dry sliding wear of the annealed and

90–30 FHed samples at the applied pressure of 1 MPa and

the sliding speed of 0.2 m/s. The formation of relatively

large metallic particles (Fig. 10a) with the EDS analysis

shown in Fig. 10c implies the local complete removal of

the tribolayer from the worn surface of the annealed alloy

after being worn under the applied pressure of 1 MPa. At

the same wear condition, the wear debris of 90–30 FHed

sample (Fig. 10b) includes fine equiaxed and flake-like

particles with a rather similar composition (Fig. 10d) to

Fig. 9 Worn surface morphology of a, c annealed sample and b, d 90–30 FHed sample at the applied pressures of 0.25 and 1 MPa (sliding speed

of 0.2 m/s)
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that of the tribolayer from which they were generated

(point E in Table 2).

Figure 11 shows the variation of COF of the annealed

and 90–30 FHed samples against sliding distance under the

Fig. 10 a, b Wear debris morphology of annealed and 90–30 FHed samples, respectively, c, d EDS analyses of points A and B, respectively

Fig. 11 Variation of COF against sliding distance for a, c annealed sample and b, d 90–30 FHed sample (sliding speed of 0.2 m/s)
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sliding speed of 0.2 m/s. As seen, in agreement with the

worn surface/wear debris characteristics (Figs. 9 and 10),

increasing the sliding speed has overall increased the

average COF/COF fluctuations of the samples. However,

as an exception, increasing the sliding speed under the

applied pressure of 0.25 MPa has decreased the average

COF of 90–30 FHed sample by about 20% (Fig. 11b)

which is seemingly due to the formation of a well-com-

pacted and smooth tribolayer on its worn surface. Though,

the higher friction and friction fluctuations as the sliding

speed increases can be explained by the more intense

interfacial interactions, higher chance of adhesion between

the contacting surfaces, friction-induced thermal softening,

more delamination events, and formation of loss wear

particles at higher sliding speeds.

As explained earlier, regardless of the overall increase in

volumetric wear and COF, under the sliding speed of

0.2 m/s, the growth of wear volume reduces as the applied

pressure increases. This probably indicates the activation of

new mechanisms which counteract those promoting the

wear of sample. Increased oxidation rate due to higher

amounts of frictional heat generated at the higher sliding

speeds especially at contacting asperities (called ‘‘flash

temperature’’) [45, 46] and/or the emission of exo-electrons

(as potential activation energy sources promoting the tribo-

chemical/oxidation reactions) [47, 48] as well as the fric-

tion-induced work hardening of the substrate are seemingly

the main factors responsible for higher formation rate of

the tribolayer than its removal rate, thereby enhancing its

durability. Exo-electron emission occurs when the surface

of material is excited by phenomena such as plastic

deformation or abrasion and oxides or other nonmetallic

surface layers need to be present in the material [47].

Considering the low stacking fault energy of austenitic

stainless steels [49], the friction-induced martensite (FIM)

is inevitably formed on the surface of the pin material. The

higher the applied load/sliding speed in the course of

sliding wear is, the higher the amount of FIM on the sur-

face microstructure [50, 51]. The formation of martensite

phase can increase the surface hardness and, accordingly,

the wear resistance of ASSs provided that the process

parameters are optimized. Otherwise, due to the brittle

cracking of the hardened layer [52] and/or the reverse

transformation or softening caused by flash temperature

and accumulation of shear strain [53], the wear resistance

is impaired. However, the wear results (Fig. 4) imply that

the FIM formed within the range of the investigated

applied loads/sliding speeds has no significant effect on the

wear behaviour of the annealed samples.

4 Conclusion

1) FH produces a severe plastically deformed layer on the

alloy surface which is characterized by ultrafine grains

and formation of the stress-induced a0-martensite

phase. Upon these microstructural changes, the surface

hardness of the annealed sample increases by 180% in

the case of the sample FHed at the sliding speed of

90 mm/s for 30 passes.

2) FH substantially improves the tribological properties

of AISI 316L alloy. At the applied pressure of 1 MPa,

the sample FHed at the sliding speed of 90 mm/s for

30 passes shows about 68% reduction in the wear rate

and 20% reduction in the COF as compared to its

annealed state.

3) The examination of worn surfaces and wear debris

indicates that the wear mechanism is dominated by a

combination of mild tribolayer delamination and

abrasive wear for FHed alloys compared to severe

delamination, adhesion, and abrasion (ploughing) in

the case of the annealed samples.
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