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Abstract: Present manuscript deals with the sliding wear 

behaviour of SS- 304 and SS-316 with and without oxidation prior 

to wear test. The dry sliding wear performance of the steel samples 

was noted in as received conditions and then after oxidizing the 

sample at 600°C for 6 hours. The variations in hardness of both 

the steels before and after oxidation were estimated. The dry 

sliding wear tests were carried out using pin on disk technique at 

different sliding velocity and different loads, by using hardened 

steels counter surface. The worn surfaces were characterised by 

using FE-SEM/EDS analysis to ascertain the mechanism of wear 

in the samples. From various characterisation results and 

observations of volume loss, the effect of prior oxidation was 

analysed for the both stainless steels. It has been found that the 

oxidation leads to the formation of some protective oxides which 

leads to increase in the hardness of the samples due to which the 

wear performance was improved compared to the as received 

alloys. 

Keywords : Sliding wear, Oxidation, Hardness, SEM. 

I. INTRODUCTION 

Design and fabrication of high strength, high temperature, 

wear/corrosion resistant materials will offer much benefit in 

aerospace, automotive, chemical and oil industries to combat 

the severe service conditions. Wear and tear is a major 

surface degradation phenomenon which can limit the life and 

performance of the machine components. The steels having 

chromium content more than ~12% Cr, are named as 

stainless steel which resist corrosion, maintain their strength 

at high temperatures.  Nickel favours the rate of formation of 

passive film when exposed to the high temperature. 

Sufficient amount Ni in steelsalso stabilizes the austenite 

phase.Due to low hardness of the ferritic and austenitic 

stainless steel, they possess lower wear resistance and hence 

various methods can be explored from the literature aiming to 

improve the wear resistance [1-12]. Barceloset.al. [1] studied 

the hardness and wear resistance for AISI 304 stainless steel 

subjected low temperature plasma carburizing in the presence 

of a fixed gas mixture (H2 and Ch4).A significant 

improvement in tribological properties after the 

thermo-chemical treatment was observed. Tassin et al. [5] 

have employed laser surface alloying method to improve the 

sliding wear resistance of SS-316 samples by producing, 
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carbide-hardened surfaces. Various powders i.e. Cr3C2, 

Cr3C2+ Cr and Ti +SiC, were used to treat the steel surface 

using Nd-YAG laser.The micro-hardness of the surface alloy 

was about 350 HV. Author has optimised the process 

parameters for both chromium carbide and titanium carbide 

surface alloying treatments, so that improvement of the 

sliding wear resistance of AISI 316L stainless steel may 

occur without any ill effect on high temperature oxidation 

resistance.  Coatings have been used widely to improve the 

wear resistance of the stainless steels [13-21]. 

Parthasarathiet. al. [14] have used plasma sprayed 

NiCrBSiCFe coatings and established that the wear 

performance of AISI 316 has increasedby almost 4-5 times as 

compared to the bare substrate. In another study, the Cr-C-O 

composite coatings were developed on AISI 304 stainless 

steel by using cathodic vacuum arc deposition (CVAD) 

technique. The tribological behaviour was assessed by using 

ball-on-disc tests andit was concluded that the Cr-C-O 

coatings have certainly improved the wear characteristics 

[17]. From the existing literature, it has been found that the 

wear resistance of the stainless steels surfaces has been 

mostly improved by using either coatings or carburizing 

treatments (case hardening).Present investigation involves 

the dry sliding wear study of two austenitic stainless steels 

namely: SS-304 and SS-316. The effect of oxides formation 

on the wear behaviour of these materials has been explored 

after exposure to a high temperature environment. This study 

is particularly important to visualize the amount of wear and 

effect of oxide layer formed on these steels. 

 

I. EXPERIMENTAL 

A.  Materials and method: 
Commercially available SS-304 and SS-316 were obtained 

in the form of rectangular bars from the local manufacturer 

with following composition as shown in table1. 

 

Table-I: Composition of as received alloys (Wt%) 

 

Alloy Ni Cr Fe Mn Si O 

SS-304 8.23 19.7 65.6      0.5 0.1 8.2 

SS-316 6.8 11.2 73.2 -  0.8 10.2 

The samples were cut and prepared in the form of  circular 

pins (dimensions L=32mm, D=10mm). Some of these 

samples were then oxidized in furnace at 600°C for 6 hours 

using laboratory SiC tubular furnace (Digitech, India).  
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The calibration of the furnace was done by using 

Platinum/Rhodium thermocouple upto an accuracy of ±5°C. 

 

A.  Pin on disc wear test:  

Wear behaviour of the samples was observed by 

performing test using pin on disc wear and friction monitor 

manufactured by Ducom Industries Pvt., Ltd, India by using 

ASTM G-99 standard. Experiments were conducted by using 

a counter plate of EN-31steel disk hardened to 60 HRC and 

keeping track diameter 100mm. The wear graphs and data 

were processes using Winducom 2010 software. The normal 

load of 1kg/2kg/2.5kg/3kg was applied on the pin and the 

wear behaviour was noted at different rotating speeds 

(200,300, 400rpm). Material removal was determined by 

weight loss measured at specific intervals of time. Wear tests 

were carried out for a total sliding time of about 3600 

seconds. 

 

 Table-II: Composition of the oxidised surfaces (EDX) at 

same magnification (wt %) 

 

Table -III: Composition of the worn surfaces (EDX) at same 

magnification (wt %) 

Alloy Ni Cr Fe Mn Si O 

SS-304 8.23 19.7 65.6      0.5 0.1 8.2 

SS-304 (Oxi.) 8.7 20.5 65.3 1 0.5 19.6 

SS-316 6.8 11.2 73.2 -  0.8 10.2 

SS-316 (Oxi.) 8.1 13.3 68.7 - 0.7 21.3 

 

Commercially available SS-304 and SS-316 were obtained 

in the form of rectangular bars from the local manufacturer 

with following composition as shown in table1. 

 

B. Surface morphology  

X-ray diffractometer (Bruker D-8, Cu Kα energy) with Ni 

filter (30mA, 40 kV) was used to analyze the as received and 

oxidised super alloy samples. The morphology along with 

chemical composition of the surfaces was investigated using 

field emission scanning electron microscope (FE-SEM: Carl 

Zeiss, Germany, ULTRA plus model) with resolution of 0.8 

nm and magnifications upto 1,00,000X. The EDAX Genesis 

Software attached to this instrument was used to calculate the 

concentration of elements at the particular points and in the 

specific area. The micro-hardness was measured by using 

402MVD (Wilson Instruments). A load of 100 g was applied 

to the Vicker pyramidal diamond indenter to penetrate in the 

as deposited coatings. All the reported micro-hardness were 

calculated by taking average of five measured values 

obtained at similar positions on the coatings. The error in the 

micro-hardness values was ± 10 Hv. 

 

II. Results 

A. SEM and XRD of as Received and Oxidized 

Samples 
XRD analysis of the as received SS-304, SS-316 and 

oxidized steel samples has been shown in Figure 1 and Figure 

2 respectively. As received stainless steel samples of SS-304 

and SS-316 show the peaks of the austenite phase along with 

some amount of Cr2C3. In case of air oxidation at 600°C of 

SS-304, the major phases present are Fe2O3, Ni 

(Fe,Cr)2O4and Cr2O3 only. There was no another oxide 

observed. In case of air oxidation of SS-316 sample, almost 

same peaks were observed with higher intensity of Fe based 

oxides.  

 
Fig.1. XRD pattern of as received SS-304 steel and 

oxidized steel at 600°C for 6 hours. 

 Fig. 2. XRD pattern of as received SS-316 steel and oxidized 

steel at 600°C for 6 hours. 

The surface morphology along with EDS analysis of 

oxidized steels have been shown in Figure 3 and Figure 4. 

The lower and higher magnification images of the surfaces of 

the steels shows that uniform and compact oxides have been 

formed after oxidation at 600°C for 6 hours.  

 

 

 

 

Alloy Ni Cr Fe Mn Si O 

SS-304 (Oxi.) 8.1 18.5 63.3 1 1.0 20.5 

SS-316 (Oxi.) 7.2 12.3 70.3 - 1.2 22.3 
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The main constituents present on the oxidized surface of 

SS-304 are Fe, Cr, Ni and O (Table 2).Similarly the SS-316 

sample shows the major composition of Fe, Cr, Ni and O 

(Table 2). However, the amount of Fe and O is higher in case 

of SS-3016 steels. 

 

 
Fig. 3.  FE-SEM images of oxidized SS-304 steel samples at 

600°C for 2 hours (a) at lower magnification and (b) at high 

magnification. 

 

 
Fig. 4.  FE-SEM images of oxidized SS-304 steel samples at 

600°C for 6 hours (a) at lower magnification and (b) at high 

magnification. 

 

 
Fig. 5.  Variation of wear volume with respect to load at 

different rpm, (a) for SS-304 and (b) for SS-316. 

 

Both XRD and EDS results confirms the presence of 

higher amount of Fe based oxides in case of SS-316. Similar 

observations have been reported by Nomura et. al [22] in 

their study on analysis of oxide layers on stainless steel (304, 

and 316) by conversion electron mossbauer spectrometry. 

 

B.Wear Studies 

a. Wear loss in case of as received/oxidized steels 
The micro-hardness of all the samples in as received and 

oxidized conditions were noted by taking average of five 

readings. It has been found that the hardness of both steels 

has increased after oxidation at 600°C. Micro-hardness of the 

SS-304 steel has increased by 2.5 times to 600 Hv from 

240Hv and that of SS-316 has increased by 2.47 times to 570 

Hv from 230Hv.  

 

 
 

Fig. 6 (a-d). Variation of wear with respect to time upto 1 

hour. (a, b) SS-304 without and with oxidation, (c, d) SS-316 

without and with oxidation at 600°C for 6 hours. 

 

The wear loss at different speeds and different values of 

load for both steels has been shown in Fig. 5 (a, b).  

All the samples show increase in volume loss as speed and 

load increases. However, from the curves it can be observed 

that for the oxidized coatings, the wear loss has been 

significantly reduced as compared to as received steels in 

both SS-316 and SS-304 steels.  

 

 
 

Fig. 7. SEM micrographs of SS-304 after wear at 4kg at 400 

rpm for 1 hour, (a) as received SS-304 and (b) Oxidized 

SS-304 at 600°C for 6 hours. The variation of wear with 

respect to time (1hour) for all four samples has been shown in 

Fig. 6 (a-d). From the graph it is clear that the oxidized 

coatings have shown initial sharp increase in wear rate which 

ultimately slows down as the process proceed further. The as 

received steel samples have shown a smoother variation in 

wear as compared to the oxidised samples. However in 

steady state behaviour, the slope of the wear curve for the as 

received steels becomes higher and that of oxidized steels 

becomes almost constant. 

b.  Characterisation of worn surfaces 
The SEM micrographs of worn surfaces of as received 

samples have been shown in Fig. 8 (a, b) and Fig. 9(a,b). Both 

SS-304 and SS-316 have shown the characteristics 

morphology corresponding to the adhesive wear. The 

composition of worn surfaces has been also shown in Table 3. 

The worn surfaces of both the steels after oxidation have 

shown the delamination and brittle fracture marks during 

wear. 
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Fig. 8: SEM micrographs of SS-316 after wear at 4kg at 400 

rpm for 1 hour, (a) as received SS-316 and (b) Oxidized 

SS-316 at 600°C for 6 hours. 

 

III. DISCUSSION 
The oxidation of steel samples in the presence of air at 

600°C resulted in the formation of various oxides on the 

surface which have uniform and compact morphologies as 

indicated by the XRD and SEM results. The formation of the 

oxides Fe2O3, Cr2O3 and spinels can be explained on the basis 

of the oxygen affinities of the various elements.  Fe has 

highest affinities than Cr and Ni resulting in formation of 

initial stages the oxides of Fe in larger quantities. Cr formed 

beneath the Fe2O3 layer by diffusion of the oxygen through 

the spinels and Fe2O3 layer. These results are within 

agreement of already existing literature [23-25]. The 

protective oxides can be also indicated by their compact and 

uniform morphology and thickness which directly affect the 

adherence of the oxides to the substrate [26-27]. 

The formation of protective oxides with no sign of 

cracking and spalling in present case can also  understood by 

the fact that the steels have exposed for 6 hours at 600°C. In 

this time duration the main mechanism of oxidation was 

chemical reaction between oxygen and metal atoms. The 

cracking or spalling predominately occurs when the 

oxidation occurs at oxide/metal interface by inward diffusion 

of oxygen. In such case the thermal mismatch exits at the 

metal/oxide interface and scale adhesion become poor. 

However when atoms diffuse outward and react at oxide/air 

interface then mismatch do not exist. 

The increase in micro-hardness after oxidation is attributed 

to the formation of oxides which ultimately increased the 

surface hardness. The oxide phases are well known to possess 

high hardness as compared to their counter metallic 

components. The SEM images of the SS-304 and SS-316 

both shows the presence of adhesive wear as indicated by the 

unique morphology. The metal to metal contact causes the 

development of shear stress on the contacting surface 

resulting in deformation of the asperities which ultimately 

ruptures causing the mass loss. It has been also seen that worn 

surfaces have some oxygen content causing a little oxidation 

of the steel surfaces during dry wear test. These types of 

observations have been also made by author et al. [28-29] in 

their study.  

The worn surfaces of the SS-304 and SS-316 both have 

oxide layer of certain thickness which was generated on the 

entire surface during oxidation at 600°C. The improvement in 

the wear can be seen for all loads and at all speeds upto 400 

rpm. This improvement may be attributed to the increased 

hardness of the surface which resist for further material 

removal during dry sliding wear test. Similar observations 

have been also found in literature in case of oxidative wear 

resistance of TiAl alloys. In this study the coating of ceramic 

material (oxides) was deposited on the alloy by using electric 

arc method. Suitable electrolytes were used to obtain the 

desired composition of the coating consisting of  oxide layers 

of Al2TiO5 and TiO2These layers were found to possess high 

hardness as compared to the substrate alloy and showed about 

10 times reduction in wear volume [19].Moreover this oxide 

layer prevented the metal to metal contact and hence 

adhesion between the steel surfaces. Most of metals and 

alloys are prone to oxidation as they come in contact with 

atmosphere and form a thin layer of oxide. These oxides may 

be removed when two metal surfaces come into contact with 

each other as asperities on both surfaces interact with each 

other (adhesive wear). This interaction caused removal of 

oxide layer and fresh surface come into contact with 

atmosphere and process repeats. But in present case there is 

no sign of adhesive wear was seen [30-32]. The SEM 

morphology of the worn surfaces is also showing the sign of 

delamination of the oxide layer which is characteristics of the 

fatigue mechanism. This type of behaviour of the stainless 

steels has been also observed by Wel. Et. al. [28] and Quinn, 

et al. [29] on their wear study of steels at higher temperature. 

They have referred this wear as typical oxidative mild wear 

and hence the lowest wear rate was explained. However in 

present case the oxides were already formed before the wear 

test and a compact and crack free oxide scale was developed. 

The pre formed oxides and their beneficial effect has been 

also reported by Jin et al. [18] on their study on 

characterization of wear-resistant coatings on SS-304 

fabricated by rapid surface hardening technology named 

cathodic plasma electrolytic oxidation.  

 

IV. CONCLUSIONS 
From the above discussions and results the following 

conclusions have been made: 

1. The pre oxidation of the of SS-316 and SS-304 samples 

at 600° C for 6 hours resulted in the formation of oxides of 

Fe, Ni and Cr.  The formation of these oxides resulted in the 

increase in surface hardness of the steel samples. 

2. Both steels developed a compact and adherent surface 

scale when oxidised for 6 hours at 600°C. 

3. Wear resistance of the SS-316 and SS-304 changes 

significantly after oxidizing the steels at 600°C in presence of 

air before wear test. This change in wear rate was found to 

exist for all speeds of 200, 300 and 400 rpm and for all loads 

from 1 kg to 3 kg. 

4. The inherent nature of stainless steel to form protective 

oxide scale proves beneficial for improving wear resistance 

of SS-316 and SS-304 steels. The oxides formed on the 

surfaces of the steels acted as barrier between metal to metal 

contacts and hence the adhesive wear of the metallic surface 

was prevented.  

5. The pre oxidized samples showed the sign of abrasive 

wear resulted by fatigue failure. 

6. The wear mechanism changes from adhesive wear to 

abrasive wear as oxide layer prevented the metal to metal 

contact. The oxides of Fe, Cr and Ni increases the surface 

hardness which could be the probable reason for improved 

wear resistance. 
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