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ABSTRACT: The influence of Ti, C, and N concentration on the intergranular corrosion 
resistance of AISI 316 Ti stainless steel has been studied. A kinetic study of the corrosion 
process has been carried out using gravimetric tests according to ASTM A-262 practices B 
and C (Streicher and Huey, respectively). The TTS diagrams were drawn as a function of 
alloying elements concentration (C, N and Ti). Materials characterization under several test 
conditions was carried out using Scanning Electron Microscopy (SEM) analysing 
microstructural characteristics and the attack microstructure. The chemical resistance of these 
steels to intergranular test was function of N, C and Ti concentration. High Ti and N 
concentration favoured the precipitation of TiN during the material manufacture process. N 
forms TiN very stable, causing the removal of Ti from the matrix and, indirectly, favouring 
the Cr23C6 precipitation during the sensitization process and increasing the corrosion rate. In 
order to inhibit the intergranular corrosion in these materials the N and Ti concentrations must 
be optimised. 
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INTRODUCTION 
 
Austenitic stainless steels have many applications in industry for their corrosion resistance 
and weldability [1]. However, these steels are prone to sensitization when subjected to heating 
in the temperature range of 500 to 1000°C during welding processes or heat treatments. As a 
consequence of this, (Fe,Cr)23C6 precipitation takes place at the grain boundaries with the 
subsequent chromium depletion adjacent to the precipitates [2,5]. 
 
Chromium carbide is not the only compound that causes intergranular corrosion. Other 
compounds, such as: sigma phase, a chromium compound; and chi phase, a chromium-iron-
molybdenum compound; also reduce its corrosion resistance by removing chromium and 
molybdenum from the austenitic matrix [3]. 
 
There are two main ways of reducing the risk of chromium carbide precipitation. One way is 
to reduce the total carbon content of the steel. Low carbon levels delay sensitization but do 
not prevent it. So, low carbon steels are useful to prevent sensitization by welding but not for 
high temperature service.  
 
The other method used to avoid intergranular corrosion consists in alloying the steel with 
titanium or niobium. These two elements have a higher affinity for carbon than chromium, 
which means that titanium and niobium carbide will precipitate preferentially instead of 
chromium carbide [4]. 
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Sensitization resulting from isothermal exposures is normally represented by Temperature-
Time-Sensitization (TTS) diagrams, which are plots of aging time versus temperature 
necessary for sensitization. These are “C” shaped curves, which demarcate sensitized and 
non-sensitized regions. These diagrams show the time required for isothermal sensitization at 
various temperatures and can be used to solve problems such as the choice of conditions of 
annealing and relieving which will not sensitize. The nose of this curve determines the critical 
temperature at which the time required for sensitization is minimum [2,5].  
 
It is well-established that the grade of sensitization is influenced by factors that change the 
thermodynamic and kinetic of carbide formation at grain boundaries and subsequent 
chromium depletion (e.g. cold work, grain size, chemical composition) [6,7]. Although 
carbon and nitrogen are predominant compositional variables controlling sensitization 
kinetics, other alloying elements also influence it by altering carbon and chromium activity 
[2]. 
 
Nitrogen must be considered when titanium is used as a stabilizer, not because the 
precipitation of chromium nitride is a problem in austenitic stainless steels, but because 
titanium nitride is very stable [1,5,8]. 
 
In the present work, the influence of additions of C, N and Ti as alloying elements on the 
intergranular corrosion behaviour of 316 Ti austenitic stainless steel has been studied. The 
study was carried out according to normalized tests ASTM A-262, practices B and C (Test 
Streicher and Huey). From the tests results, temperature-time-sensitisation (TTS) curves were 
drawn. Simultaneously, a microstructural study relative to the corrosion behaviour of the 
materials to its microstructure, derived from the sensitisation treatment, was carried out. 
 
 
EXPERIMENTAL PROCEDURE 
 
The materials tested were AISI 316 Ti austenitic stainless steels with different concentrations 
of C, N and Ti. Compositions of these alloys are given in Table 1.  
 

Id. Cr Ni Mo Ti C N Nb Mn Si Cu Sn Co S P 

A 16.4 11.36 2.14 0.389 0.042 0.017 0.009 1.55 0.502 0.106 0.001 0.041 0.002 0.020 

B 16.8 11.35 2.11 0.142 0.016 0.022 0.009 1.62 0.501 0.294 0.006 0.277 0.001 0.031 

 
Table 1. Chemical composition of alloys (%wt). 

 
The chosen alloys were produced as 40 kg ingots in Pfeiffer VSG030 vacuum induction 
furnace. Vacuum was applied during the first part of the melting process to remove oxygen. 
No vacuum was applied at the end of the process during for final adjusting additions. Cast 
operations were conducted in a 1 bar argon atmosphere. The ingots were hot forged to 4 mm 
plates and cold rolled to 2.5 mm sheets. 
 
Rectangular samples (50x25x2 mm) were used for the corrosion tests. Before intergranular 
corrosion tests, the specimens surfaces were ground to P120 grit using series of emery paper 
with water as lubricant, cleaned in water and passivated in 65 wt% HNO3 for 1 minute at 
60ºC. 
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The samples were solutionized at 1150ºC for 10 min, with subsequent water quenching to 
homogenize and prevent chromium second phase's precipitation in the steels. 
 
Samples were heat treated in order to both obtain the TTS curves and study the 
microstructural influence on susceptibility to intergranular corrosion. The chosen 
temperatures corresponded to the range of likely chromium-rich carbides precipitation, which 
is associated to the sensitisation phenomenon. Tests were performed in duplicate to guarantee 
the reliability of the results. The heat treatments were done between 600 and 1000ºC, for 1-
3000 min, in a furnace with digital temperature control, followed by water quenching. 
 
ASTM-262 practices B and C were used to quantify intergranular corrosion tests. In the 
normalized Streicher test, the samples are boiled for 120 hours in 6% Fe2(SO4)3-49%H2SO4 
solution. In the Huey test the samples are boiled in 65% HNO3 for five 48 hours cycles. The 
attack increases with increasing chromium-rich precipitates, especially when they form a 
continuous chain of precipitates. 
 
The Huey test indicates not only sensitisation (carbide precipitation), but also the presence of 
impurities and other phases and the character of the protective layer formed on the metallic 
surface. Normally, it is recommended to compare intergranular corrosion behaviour through 
two different tests (in this case, ASTM-262 practices B and C). 
 
The criterion applied in order to determine whether or not the material is sensitised to 
intergranular corrosion is the corrosion rate, expressed in mm/month. The considered limit of 
sensitisation was a corrosion rate of 0.11 mm/month for test B and 0.08 mm/month for test C. 
 
The morphology of corrosion attack such as products and grain boundary precipitates was 
analysed by SEM and X-ray mapping. 
 
 
EXPERIMENTAL RESULTS AND DISCUSSION  
 
Both materials, after solution treatment, show an austenitic microstructure without 
precipitates in the grain boundaries (Figure 1). 

(a) 

90 µm 

(b) 

90 µm 

 
 

Fig. 1. Microstructure of AISI 316 Ti after solution treatment: (a) Material A. (b) Material B. 
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Figures 2 and 3 show the variation in the corrosion rate after the Streicher and Huey tests as a 
function of the exposure time to the tested temperatures for materials A and B. The horizontal 
dashed line shows the maximun acceptable corrosion rate in unsensitized material. Corrosion 
rates above this line indicates that the stainless steel has been sensitized to intergranular 
corrosion. In accordance with the results, it was observed that as the time and temperature of 
heat treatment increase, the corrosion rate tends to increase and so the attack intensifies. In 
general, the corrosion rates of the two materials after the Huey test are higher than after the 
Streicher test. In both practices, the material A shows higher corrosion rates than material B. 
In addition, the results obtained reveal an important increase of corrosion rate, specially when 
the time and temperature of treatment increase.  
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Fig. 2. Corrosion rate as a function of time obtained from the Streicher test. 

(a) Material A; (b) Material B. 
 

 
 

100 101 102 103 104 105
0,01

0,1

1

10

100

  600°C      650°C
  700°C      750°C
  800°C      850°C
  900°C      950°C
1000°C 

Co
rr

os
io

n 
ra

te
 (m

m
/m

on
th

)

Time (min)
100 101 102 103 104 105

0,01

0,1

1

10

100
  600°C      650°C
  700°C      750°C
  800°C      850°C

 

Co
rro

sio
n 

ra
te

 (m
m

/m
on

th
)

Time (min)

(a) (b) 

Fig. 3. Corrosion rate as a function of time obtained from the Huey test.  
(a) Material A; (b) Material B. 

 
 
From the data of Figures 2 and 3, TTS diagrams were constructed for both stainless steels 
(Figure 4). The TTS diagrams drawn for each material after tests B and C are similar, what 
implies the validity and reproducibility of the results obtained. For material B, the 
sensitisation curve is found at shorter times for each temperature than for material A. For both 
materials, the “nose” of the curve is at similar temperatures in the two media tested. The nose 
is situated at temperatures between 850 and 950ºC for material A and at 750ºC for material B. 
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Fig. 4. Temperature-Time-Sensitization (TTS) comparatives diagrams for materials A and B 
obtained from: (a) the Streicher test; (b) the Huey test. 

 
 
The metallographic study by SEM of the materials exposed to the Streicher and Huey tests 
confirmed the results obtained. Figure 5 shows the attack morphology of both stainless steels 
after the Streicher test, revealing better corrosion behaviour of material B. So, while material 
B presents a slight intergranular attack, showing a corrosion rate of 0.14 mm/month, material 
A is considered to be highly sensitised, presenting a heavily attacked microstructure, 
preferentially along grain and twin boundaries, and showing a high corrosion rate of 4.26 
mm/month. In fact, as the attack intensifies, the separation between grains becomes more 
marked and the corrosion rate increases due to loss of grain cohesion. In both cases, a higher 
generalised corrosion phenomenon is detected. Therefore, the TTS diagrams obtained are not 
exclusively associated to an intergranular corrosion phenomenon but to a mixed effect of 
intergranular and generalised corrosion. 
 

(a) (b) 

 
Fig. 5. Microstructure sensitised at 700ºC for 60 minutes after Streicher test of: (a) Material 

A; (b) Material B. 
 
 
Figure 6 shows the microstructure of material A solubilised at 1150ºC for 10 min. and later 
treated thermically at 700ºC for 3,000 min. As a result of it, the matrix shows three kinds of 
intergranular precipitates: TiN, Ti (C,N) and a continuous precipitate on the grain boundary 
identified as Cr23C6. 
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Fig 6. X-ray mapping of material A, sensitised at 700ºC for 3,000 minutes, showing  

co-precipitation of TiN, Ti(C,N) and M23C6. 

 
When the material was exposed to higher temperatures (800°C), a Cr-Mo-rich phase was 
detected (Fig. 7), increasing its susceptibility to corrosion. Additions of V, Si, Mo and Ti 
accelerate the formation of this phase. Therefore, one of the reasons for the high corrosion 
rates reached could be the presence of high Ti concentration. 
 

(  (b) (a) 

8 µm 
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Fig. 7. Microstructure of material A, sensitised at 800ºC for 3,000 minutes. (a) Secondary 

phase precipitation on the grain boundary; (b) EDS analysis.  
The solution treatment at 1150ºC dissolves many of the secondary phases, except for TiN that 
presents a great stability at high temperatures. Also, other Ti compounds, as carbonitrides and 
carbides, can exist partially dissolved since they are less stable than nitrides. After this heat 
treatment, a carbon supersaturated austenite solid solution is formed at room temperature if 
rapid cooling is carried out. Then, heat treatments in the range 650-900ºC lead to the 
precipitation of chromium-rich carbide (M23C6) on the grain boundaries, because Cr diffuses 
more rapidly than Ti. Since material A has a higher amount of C than material B, material A 
is more prone to Cr carbides precipitation on grain boundaries and shows a major sensitisation 
than material B does.  
 
Therefore, the material B, with lower C and Ti percentages and higher N content, presents a 
better intergranular corrosion resistance. Nevertheless, as N removes Ti from solution 
forming TiN, the stabilizer effect of titanium can be diminished when high nitrogen 
percentages are added. So, a great amount of chromium-rich carbides (M23C6) were detected 
in material B too (Fig 8). 
  

 

(a) 

3 µm 

(b) 

Fig 8. Microstructure of material B, sensitised at 750ºC for 600 minutes.  
(a) Carbide precipitation on the grain boundary; (b) EDS analysis. 

 
 
Consequently, in order to improve the intergranular corrosion behavior of AISI 316 stainless 
steels, N must be taken into account if Ti is used as a stabiliser. For maximum resistance, 
these materials would need a stabilising heat treatment at about 950ºC with the purpose of 
removing C from solution at temperatures where titanium carbides are stable but chromium 
carbides are not.  
 
 
CONCLUSIONS 
 
1. Both materials studied present, after sensitization heat treatments, intergranular corrosion 

behavior and a higher generalized corrosion when they operate in strongly oxidizing 
mediums (HNO3 65wt%, boiling, and 6wt% Fe2(SO4)3 - 49 wt% H2SO4, boiling). 
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2. A decrease of Ti and C concentration improves the corrosion behaviour of AISI 316 
stainless steel probably due to the formation of a smaller amount of precipitates, 
decreasing the corrosion rate and shifting the TTS diagram towards lower temperatures 
and longer times. The coincidence between the TTS diagrams constructed in the two 
mediums tested guarantee the reproducibility of the results. On the other hand, high 
concentrations of Ti, C and N can difficult stainless steels conformability, forming nitrides 
and carbonitrides of Ti during the rolling process, and retaining a high degree of residual 
deformation, what is considered to be negative for corrosion behavior. 

 
4. High corrosion rates of material A could be associated to both a generalized corrosion 

process due to a residual deformation and the precipitation of intermetallic Cr-Mo-rich 
phases on the grain boundaries, what is favored by the presence of Ti and other ferrite 
stabilizers. 

 
5. The great affinity of Ti to form highly stable nitrides and carbonitrides limits the 

stabilizing role of this element, favoring the precipitation of carbides M23C6 or σ phase. 
 
6. In order to improve the performance of Ti as stabilizer element, a thermal treatment of 

stabilization, after the solubilisation treatment, should be carried out in a range of 
temperatures where the precipitation of TiC is favored and there is no precipitation of 
M23C6. Besides, this treatment would avoid the formation of too many carbides, 
carbonitrides, and intermetallic phases, reducing the problems caused during the 
manufacturing processes. 

 
7. Overall, the degradation of these materials is not associated to only one factor, but to both 

phenomena: intergranular and generalized corrosion. In consequence, the TTS diagrams 
represent beside the intergranular corrosion phenomenon, the behavior of these materials 
in the tested medium. Comparatively, material B, with lower Ti and C additions, presents 
a better intergranular corrosion resistance compared to material A. 

 
Acknowledgements. The authors wish to thank ACERINOX S.A. for assistance in 
performing this study. 
 
REFERENCES 
 
1. J.R. Davis. “Metallurgy and properties of wrought stainless steels”, in: ASM Speciality 

Handbook Stainless Steel. ASM International, Materials Park, OH (1994) p.14. 
2. N. Parvathavarthini and R.K. Dayal, Journal of Nuclear Materials, 305 (2002) 209. 
3. M. Schwind, J. Källqvist, J.-O. Nilsson, J. Ågren and H.-O. Andrén, Acta Materialia, 48 

(10) (2000) 2473. 
4. R. Qvarfort, “Intergranular corrosion and acceptance testing”, in: Avesta Sheffield. 

Corrosion Handbook for stainless Steel. Ed. Sandviken Tryckeri, Sweden (1994). p.41. 
5 R.M. Davison, T. DeBold and M.J. Johnson, “Corrosion of stainless steels”, in: Metals 

Handbook, Ninth edition, Vol. 13 Corrosion ,ASM International, Metals Park, OH (1990) 
p.547. 

6 T. Sourmail, Materials Science and Technology, 17 (2001) 1. 
7. D.N. Wasnik, V. Kain, I. Samajdar, B. Verlinder and P.K. De. Acta Materalia 50 (2002) 

4587. 
8. Yong Jun Oh and Jun Hwa Hong, Journal of nuclear materials 278 (2000) 242. 


	A
	EXPERIMENTAL RESULTS AND DISCUSSION
	CONCLUSIONS

	actionField: 


