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ABSTRACT: This paper evaluated the tensile strength and hardness of AISI 304 stainless 
steel heat treated to temperatures of 400oC, 600oC and 800oC and soaking durations of 30 
minutes, 2 hours, 12 hours, 24 hours and 72 hours in each temperature level. The tensile 
strength was measured using Automated Ball Indentation (ABI) technique while the hardness 
was on the Brinell scale. To establish confidence in the ABI technique, values obtained were 
compared with similar studies conducted with the conventional tensile measurement tool. The 
tensile and hardness properties of type 304 SS increased with treatment temperatures of 
400oC and 600oC for all the holding durations up to 72 hours. The long stay was akin to work 
hardening which increased the tensile strength. The cooling in hot sand bed may have 
equally contributed to increased surface hardness measured. At temperature of 600oC, 
precipitation of chromium carbides along grain boundaries coupled with a dense formation 
of sigma phase and other phases like the chi combined to influence the tensile strength. 
Temperature of 800oC and soaking duration beyond 30 minutes produced decreased tensile 
and hardness properties in the steel. At this temperature, transformation of the steel grains by 
re-crystallisation and relief of internal stresses occurred. The extended soaking duration of 
72 hours led to increase of Cr diffusion to the surface.  
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INTRODUCTION  
 Austenitic Stainless Steel (ASS) is 
the widest in use in the industry of all the 
Stainless Steel (SS) groups. This is due to 
its combination of strong corrosion 
resistance qualities in normal and severe 
corrosive environments with excellent 
mechanical properties (high tensile 
strength, good impact resistance and wear 
resistance). ASS finds application in the 
nuclear, petrochemical, petroleum, food 
processing, wood and pulp industries. 
Other extensive applications include in 
low and high pressure steam boilers 
(headers and vessels), fossil fuel fired 
power plants, flue gas desulphurization 
equipment, super heater reheating tubing 
(Higgins, 1994). Domestically, it is the 
material of choice in the kitchen. In 
Nigeria, it is extensively employed in 

Natural Gas Liquids (NGLs) and LNG 
plants. 
  
 ASS is largely highly weldable, the 
lower alloys being more weldable than the 
higher alloy variants. The higher the 
carbon content, the harder the SS and so 
the more difficult it is to weld. Welding of 
these stainless steels usually results in 
inhomogeneous and dendritic 
microstructures, with the leftover of small 
amount of delta-ferrite (b.c.c. delta iron) 
and segregation of major and minor 
alloying elements at the phase interfaces 
(Parmar, 2005). The problem of Cr carbide 
(Cr23C6) precipitation at the grain 
boundaries during welding and hot 
cracking of weld bead are common issues. 
There may also be precipitation of the 
brittle sigma Fe-Cr phase in their 
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microstructure if they are exposed to high 
temperatures for a certain length of time as 
experienced during welding. 700 - 850oC 
is the temperature range where the 
transformation from ferrite to sigma or 
directly from austenite to sigma takes 
place the fastest (Brooks and Thompson, 
2004). 
 
 These transformation seriously 
effect the mechanical and corrosion 
properties of material. Compared with 
ferritic and martensitic SS, AISI 304 has 
superior high temperature strength and 
reliability. The most common intermetallic 
phase found during heating austenitic SS is 
sigma phase which has tetragonal 
crystalline structure and this is responsible 
for reduction in toughness at room 
temperature (Ibrahim, Ibrahim and 
Khalifa, 2010). 
  
 Heat treatment of these steels to 
obtain certain desirable mechanical and 
chemical properties is common. The heat 
treatment may be of quenching, tempering 
or consists of annealing (to fully 
austenitize the microstructure, dissolve the 
carbides and followed by cooling). 
Depending on the composition and 
processing of the ASS, the microstructure 
matrix is that of austenite, undissolved 
carbides, nitrides, reprecipitated carbides 
and delta ferrite. It is generally known that 
properties obtained in these steels are 
influenced by such heat treatments, the 
microstructure changes and these exert 
influence on the properties of these 
materials such as hardness, tensile 
strength, toughness, corrosion and wear 
(Asadollah, Hassan and Ali, 2007). Some 
previous studies have indicated that 
inappropriate heat treatments have led to 
inadvertent microstructural changes (some 
have produced martensites in an austenite 
matrix) and hence weakening of 
mechanical properties of the ASS. This 
being the case, one of the criteria then, for 

suitable alloy design, is suitable heat 
treatment (Davies and Oelmann, 2003). 
The hardness and strength levels will 
depend of soaking time and cooling rate 
employed during heat treatment. The 
recommended austenitizing temperatures 
by various international standards based on 
composition and heat treatments lies 
between 950oC and 1100oC. However, 
these recommendations do not appear to 
be supported by systematic empirical 
results (obtained from laboratory 
experimental studies) correlating various 
properties to microstructure (Liu Ning, 
Deng Zhonggang and Huang Menggen, 
1991). This work focuses on evaluation of 
tensile strength of AISI 304 SS in relation 
to temperature and soaking time using 
Automated Ball Indentation technique. 
 
AUTOMATED BALL INDENTATION 
MACHINE (ABI) 
 This machine is in the group of 
devices used in metallurgy for in-situ 
positive material identification (PMI). It is 
a “non-destructive testing” device, simple 
and rapid with results. Little material 
preparation (“specimen preparation”) is 
needed before testing and no part of the 
bulk material is removed. The machine 
makes or leaves a shallow, spherical and 
unique impression (less than 0.3 mm in 
depth) in the specimen tested. The material 
so tested, if found satisfactory, may 
continue in service without further 
dressing because no sharp edges as points 
of stress build-up are introduced (Haggag, 
Wong, Alexander and Nanstad, 1989). 
Test results from various investigators (for 
AISI 304, 316, 310, etc heat treated at 
different temperatures including long 
soaking time at 800oC) show that tensile 
strength levels obtained with ABI machine 
are in good agreement or reasonably 
acceptable compared with those obtained 
from conventional tensile test machines 
(Haggag, Wong, Alexander and Nanstad, 
1989; Murty and Mathew, 1999). 
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EXPERIMENTAL PROCEDURE  
 ASS type 304 in plate shape was 
commercially obtained. Table 1 shows the 
chemical composition confirmation 
analysis of the SS. Thickness is 7.75 mm. 
  
Table 1:  Chemical Composition of AISI 
304 Stainless Steel Material      
 

Element AISI 304 Stainless Steel 
Material (% by weight) 

Carbon 0.08 
Chromium 19.00 

Nickel 11.00 

Manganese 1.50 

Silicon 1.45 
Molybdenum 0.00 

Phosphorus 0.03 
Sulphur 0.002 
Iron Remainder 

 
 Heat treatment specimens 
measuring 70 x 50 x 7.75 mm were cut 
from the plates Total of 45 pieces. 
Temperatures of 400oC, 600oC and 800oC 
were selected for the heat treatment and 
soaking (holding) duration of 30 minutes, 
2 hours, 12 hours, 24 hours and 72 hours 
were chosen. The specimens were then 
passed through the heat treatment process 
on the basis of 3 specimens per 
temperature per soaking duration. Cooling 
of specimens was in hot sand bed. 
Nitrogen gas was used as the protective 
environment in the furnace.  
  
 At the end of process, ABI tensile 
strength determination specimens were cut 
from the heated quantities per group. 3 
specimens were also prepared from the un-
heat-treated (as-received) type 304 plates. 
Heat treated specimens plus as-received 
specimens totaled 48. Dimensions of each 
specimen were 20 x 40 x 4 mm as per 
machine specification. For each 
temperature and time, 3 specimens were 

tested on the ABI device and average 
taken. Standard deviation was calculated 
as per the formula stated below: 
 

ܵ =  √
∑ ݔ) − ଶୀଷ(ݔ̅ 
ୀଵ

݊ − 1  
 
Where;   
S = Standard Deviation 
I = Specimen Number (1, 2, 3) 
n = Total Number of Specimens 
  per Group = 3 
xi  =  Value of Tensile Strength 
  of Specimen 
 Average Value of Tensile  =  ݔ̅
Strength = (x1 + x2 + x3)/3 

             
OR 

തܺ  =  
݅ݔ∑
݊  

 
 The specimens processed through 
heating were subjected to metallographic 
examinations for microstructure 
identification. Before the examinations, 
specimens were etched following ASTM-E 
3 (2006), Standard test method for 
metallographic of materials.  Etchant used 
was saturated solution of ferric chloride 
(FeCl3) in hydrochloric acid (HCl) with 
little addition of nitric acid (HNO3). 
Etching time was 60 seconds. 
 
RESULTS AND DISCUSSION  
 Considering the temperature of 
400oC, from Table 2, it is seen that the 
tensile strength of type 304 SS increased 
with soaking time at that heat treatment 
temperature; i.e. from 565 MPa for 30 
minutes to 620 MPa for 72 hours. This is 
graphically shown in fig. 1. The Brinell 
hardness number (BHN) equally increased 
from 148 (30 minutes) to 165 (72 hours) 
for the indicated holding times 
respectively. It is a widely held opinion 
that longer soaking duration will weaken 
the mechanically properties (Rajasekhar, 
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Reddy, Mohandas and Murti, 2008), but 
this is not the case for the 400oC treatment 
temperature and it could be reasoned that 
the temperature was low enough to 
maintain the b.c.c. (magnetic) structure, no 
re-crystallization took place and the long 
stay was akin to work hardening which 
increased the tensile strength. The cooling 
in hot sand bed may have equally 
contributed to increased surface hardness 
measured (Kozuh, Gojic, and Kosec, 
2007). Fig. 4 is a graphical display of the 
hardness trend.    
 
 Still referenced Table 2, for 600oC 
holding time, the same pattern of increase 
in tensile strength and hardness is followed 
with increased holding duration in the 
temperature level. It is noted that 600oC is 
almost at the threshold of re-crystallization 
temperature and the durations of 24 and 72 
hours may, somewhat, have achieved this.  
The b.c.c. structure is still maintained 
since the critical temperature (upper 
critical temperature) for change to f.c.c. 
structure was not attained. Type 304 being 
hypoeutectoid steel, the temperature still 
fell below the full annealing temperature 
i.e. about 30 to 50oC above the upper 
critical temperature. Figs. 2 and 5 
graphically show the trends for tensile and 
hardness properties evaluated. In this 
temperature, precipitation of chromium 
carbides along the grain boundaries takes 
place, a dense formation of sigma phase 
and other phases like the chi usually occur; 
all combine to influence the tensile 
strength (Liu Ning, Deng Zhonggang and 

Huang Menggen, 1991; Song and Baker, 
1996). 
 
 Temperature 800oC initially 
indicated increased tensile and hardness 
properties for 30 minutes holding duration 
i.e. from 558 MPa and 148 HB for as-
received (un-heat-treated) steel to 605 
MPa and 160 HB respectively. Beyond the 
30 minutes soaking time, progressively 
both properties decreased to 560 MPa and 
146 HB as the soaking duration increased 
to 72 hours –an inverse relationship. Figs. 
3 and 6 vividly display the decreasing 
trends for tensile and hardness values. 
F.c.c. phase was not achieved (b.c.c. was 
still maintained), 800oC being below the 
required temperature for that. However, 
the temperature falls within the process or 
re-crystallization annealing value for 
various changes to take place in the steel. 
The treatment transformed the steel grains 
by re-crystallisation and relieved internal 
stresses. Extended holding duration at high 
temperatures lead to increased chromium 
diffusion to the surface (Kim and Chang, 
2008). 
 
 Other researchers (Asadollah, 
Hassan and Ali, 2007), using conventional 
tensile testing machine, also found that at 
the aging temperature of 600oC the delta 
ferrite was replaced by a maze of brittle 
sigma phase particles which causes 
increase in tensile strength of austenitic 
stainless steel. Smith and Farrar, (2006) 
found that increasing aging time of 
austenitic stainless steels at 800oC reduces 
the impact toughness. 
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Table 2: Tensile Strength (ABI Technique) and Hardness Values of Heat Treated SS 
304  
Temperature 

oC 
Time 
Hours 

Average Tensile 
Strength (3 Specimens) 

MPa 

Average 
Hardness 

(3 Specimens) 
HB 

Standard Deviation 
± 

(Tensile Strength) 

As-Received  558 148 3.50 
400 0.5  565 148 3.35 
400 2  570 150 3.00 
400 12 610 160 3.26 
400 24  612 162 2.85 
400 72  620 165 3.00 
600 0.5  551 146 2.98 
600 2  568 150 3.26 
600 12 570 150 2.65 
600 24  582 154 3.15 
600 72  622 164 4.00 
800 0.5  605 160 3.45 
800 2  595 157 2.98 
800 12 591 157 3.28 
800 24  570 149 3.70 
800 72 560 146 3.14 

 
 
 

 
Fig, 1: Graph of Tensile Strength against Soaking Time for 400oC 
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Fig, 2: Graph of Tensile Strength against Soaking Time for 600oC 
 

 
 

Fig, 3: Graph of Tensile Strength against Soaking Time for 800oC 
 
 

 
Fig, 4: Graph of Hardness against Soaking Time for 400oC 
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Fig, 5: Graph of Hardness against Soaking Time for 600oC 

 
 

 
Fig, 6: Graph of Hardness against Soaking Time for 800oC 
 
 
CONCLUSIONS 
 The tensile and hardness properties 
of type 304 SS increased with treatment 
temperatures of 400oC and 600oC for 
holding durations up to 72 hours. The long 
stay was akin to work hardening which 
increased the tensile strength. The cooling 
in hot sand bed may have equally 
contributed to increased surface hardness 
measured. At temperature of 600oC, 
precipitation of chromium carbides along 
grain boundaries coupled with a dense 
formation of sigma phase and other phases 
like the chi combined to influence the 
tensile strength. 

 
 Treatment temperature of 800oC 
and soaking duration beyond 30 minutes 
produced decreased tensile and hardness 
properties in type 304 SS. The temperature 
falls within the process or re-
crystallization annealing value for various 
changes to take place in the steel 
(transformation of the steel grains by re-
crystallization, relief of internal stresses 
and increase of Cr diffusion to the surface 
for extended soaking duration). 
 
 The tensile strength values 
obtained by ABI technique are in good 
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agreement or reasonably acceptable 
compared with those obtained from 
conventional tensile test machines.  
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