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Intergranular corrosion of welds in type 405 
stainless steel 
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A low chromium ferritic stainless steel (Type 405) with different heat treatments and weld 
configurations, has been investigated for susceptibility to intergranular corrosion by chemical 
and electrochemical potentiodynamic reactivation (EPR) tests, and the results were evaluated 
by weight losses, dye penetration, metallographic techniques, and the ratio of the reactivating 
and activating currents. Welds are susceptible to attack, particularly in the heat-affected zone. 
Applied stress in a U-bend increases significantly the attack on welds, and annealing elimina- 
tes the effects of stress. Results on the susceptibility of unwelded specimens in the form of flat 
plates and U-bends after various heat treatments are also presented and discussed. 

l .  Introduction 
Stainless steels are widely used in chemical and indus- 
trial plant because of their excellent resistance to cor- 
rosion. The less corrosion resistant ferritic steels, how- 
ever, are not generally used under such demanding 
conditions, but the need for greater economies have 
increased the use of  the cheaper ferritic grades. Weld- 
ing is an important method of fabricating complex 
plant, and the stability of welds in stainless steel is 
closely related to the composition of the steel, the 
thermal conditions associated with welding, and any 
stress that may be present in service [1-3]. Stainless 
steels are generally susceptible to intergranular cor- 
rosion (IGC) caused by incorrect heat-treatment, and 
an important case of  IGC occurs in the heat-affected 
zone (HAZ) of welds which, when present, may cause 
catastrophic failure. Intergranular corrosion of stain- 
less steels is generally considered to be due to zones 
denuded of chromium which are thereby unable to 
maintain a passive and protective film of Cr20 3 [3]. 
Depletion of chromium at grain boundaries has 
recently been measured [4], and it is typically thought 
to occur by precipitation of  chromium carbides [3]. 
Other mechanisms of intergranular corrosion have 
been suggested [3]. In particular, it has been considered 
that local stresses associated with the precipitates are 
critical [5]. 

Whilst there has been many studies of IGC in aus- 
tenitic stainless steel [1-3], there have been only a 
limited number on the ferritic grades [6, 7]. With the 
increasing use of welded low-chromium ferritic stain- 
less steels there is a need for more information on the 
properties of the welded material, and in particular, 
for information on reliable methods to assess the 

presence of  IGC in such materials. The present work 
investigates the behaviour of  type 405 stainless steel in 
the unwelded and welded conditions in the form of flat 
and bent specimens by chemical, electrochemical, and 
other tests and techniques. 

2. Experimental details 
Specimens of type 405 stainless steel were commerci- 
ally obtained in the form of  flat coupons and U-bends, 
each in the unwelded and TIG (no filler metal) welded 
condition [8]. The specimens had a 180 grit finish with 
no other post-mill treatment. The chemical analyses 
are shown in Table I. The microstructure of the as- 
received material consisted of  slightly elongated ferrite 
grains containing a fine dispersion of  carbides. To 
sensitize the unwelded material, specimens were heated 
in a helium (99.998% pure) atmosphere for 10 min at 
1045°C [9] and then slowly cooled. Some samples 
were also heated for 1 h at 680 ° C in air. 

Chemical immersion [10] was used to assess the 
susceptibility to intergranular corrosion. Two tests, 
ASTM A262-C and A262-E [11], were investigated 
and finally a modification of A262-E was used. This 
was based on immersion for 24 h in a boiling solution 
of ½% H2SO4-6% CUSO4-25 g Cu in 500ml of solu- 
tion [10]. Analar reagents and distilled water were 
used. After corrosion, the damage was assessed by 
weight loss, dye penetration, and standard metallo- 
graphic techniques. Electrochemical potentiodynamic 
reactivation (EPR) was also used to assess the suscep- 
tibility of the material to intergranular corrosion. In 
the double-loop variation of the method, the ratio of 
the current peak on the reverse run to that on the 
forward run (Ir/If) is used as a measure of the degree 

TAB LE I Chemical composition of the specimens (wt %) 

C S Mn Ni Cr Mo AI Ti 

Flat plate 0.048 0.017 0.51 0.14 13.70 0.016 0.11 < 0.02 
U-bend 0.040 0.016 0.39 0.14 13.23 0.036 0.13 < 0.02 
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T A B L E | I Chemical and EPR corrosion parameters of unwelded type 405 stainless steel in the shape of flat plates and U-bends 

Specimen Condition* Corrosion Weight Metallography$ EPRt Comments 

test? loss (rag) fir/IF) 

l F Chem 3 No IGA - 
2 FH Chem 376 IGA (2.5) 
3 FH Chem 439 IGA (2) - 
4 FHR Chem 45 No IGA - 
5 FH EPR - 0.646 
6 FH EPR - - 0.632 
7 F H R  EPR - 0.015 

8 UH Chem 632 IGA (3.3, 3.2) - 
9 UH Chem - IGA (3.3, 2.8) - 

10 UHR Chem No IGA - 

Passed bend test? 
Failed bend test 
Failed bend test 
Passed bend test 

* F = flat, U = U-bend, H = sensitization heat-treatment for 10min at 1045 ° C, R = relief annealing for 1 h at 680 ° C. 
t See text. 
$ Brackets give the mean depth of IGA in pro; with two numbers the first gives the value for the U-bend and the second for the fiat region. 

of sensitization [12]. In outline, the test consisted of 
polishing a small sample to a 600 grit finish, soldering 
to a copper rod, masking with "Lacomit", and then 
polarizing in 1[.5 M H2SO4 [13] using a standardized 
procedure. This consisted of de-aerating 200ml of 
solution with nitrogen for 30 min, and then determin- 
ing the corrosion potential, Ec .... of the sample in the 
solution after 2 rain. The specimen was then anodically 
polarized at 2mVsec -~ to 0.300V (SCE). At this 
potential the scan was immediately reversed. 

3. Results 
Corrosion parameters of the unwelded coupons and 
U-bends are collected in Table II. We note first that 
where there has been duplicate tests the quantitative 
results are very close (see the weight loss and depth of 
IGA on specimens 2 and 3, the depth of IGA on 
specimens 8 and 9, and the ratio I r / I  f on specimens 5 
and 6), and thus the procedures give reproducible 

results. Heat-treatment produced a duplex microstruc- 
ture of martensite in ferrite, and it was observed that 
intergranular attack occurred at the martensite/ferrite 
boundary (Fig. 1). Note also in Fig. 1 that broadening 
of the martensite/ferrite boundaries has occurred. The 
integranular attack was not uniform and the depth of 
attack (Table II) may only be considered an estimate. 
Typical EPR results are shown in Fig. 2, and the EPR 
results collected in Table III clearly reveal the suscep- 
tibility of the material to IGA (cf. EPR results of 
specimens 5 and 6 with the data of specimens 2 and 3). 
Annealing at 680 ° C eliminated the IGA (specimen 4) 
and this is also clearly shown in the low EPR value of 
0.015 (specimen 7). The U-bends dissolved at nearly 
twice the rate of the coupons, and the depth of IGA 
was increased. Annealing at 680°C also eliminated 
IGA in the U-bends (specimen 10). 

Welded specimens in both the flat plate and U-bend 
forms had a wide range of microstructures and stress 

T A B L E  I I I  Chemical and EPR corrosion parameters of welded type 405 stainless steel 

Specimen Corrosion Weight Dye* penetrant Metallography EPR* 
test* loss (rag) (lr/If) 

Welded flat plates 
11 Chem 
12 Chem 
13 Chem 

14 Chem 

15 R? Chem 
16 R Chem 

17 EPR 
18 EPR 
19 EPR 
20 EPR 
21 EPR 
Welded U-bends 
22 Chem 
23 Chem 
24 Chem 
25 Chem 
26 Chem 
27 R* Chem 
28 EPR 
29 EPR 

- No flaws Slight IGA under weld 
- No flaws Slight IGA under weld 

4 Small flaws under Cracking under weld 
weld 

4 Small flaws under Cracking under weld 
weld 

- No flaws No cracking 
34 No flaws Surface roughening of 

weld 

- Fail HAZ + weld IGA in HAZ + weld 
- Fail HAZ + weld IGA in HAZ + weld 
- Fail HAZ + weld IGA in HAZ + weld 
34 Fail HAZ + weld Surface cracking 
34 Fail HAZ + weld Surface cracking 

136 No flaws Surface etching 

0.040 
0.022 
0.035 
0.017 
0.034 

0.427 
0.376 

* See text, 
* R = relief annealing for I h at 680 ° C. 

2065 



Figure 1 Intergranular attack in type 405 stainIess steel sensitized 
for 10rain at 1045°C. Etched alcoholic ferric chloride. 

conditions associated with the weld metal, the HAZ, 
the bent region of the U-bend, and the as-welded 
and annealed conditions, and correspondingly there 
was a wide range of corrosion and/or cracking pro- 
cesses. Results for the welded material are collected in 
Table III. Overall, there are two general observations. 
Firstly the damage to the U-bends is much more severe 
than the damage to the welded flat plate, and secondly, 
a relief anneal at 680°C eliminates cracking in both 
the flat plates and in the U-bends. 

A consistent feature of the welded U-bends was the 
deposition of copper from the test solution along the 
line of the weld, whereas in the flat plate there was 
merely a general darkening. Extensive damage occur- 
red in the HAZ and, to a lesser extent, in the weld 
metal of the U-bends. This was of two kinds, typically 
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Figure 2 EPR curves showing the forward scan (f)  and the reverse 
scan (r) of a weld in (a) a flat plate (area 20 mm 2) and (b) a U-bend 
(area 30 mm2). 

2 0 6 6  

Figure 3 Scanning electron micrograph of the surface of the HAZ 
of the weld in a U-bend showing intergranular attack. 

large-scale IGA (Figs 3 and 4) and much finer crack- 
ing normal to the bend stress axis (Figs 3 and 5). The 
smaller amount of cracking in the weld metal is shown 
in Fig. 6. Here the filiform corrosive attack is taken to 
be due to concentration effects in the solution within 
the cracks. Surface cracks in the welded flat plates 
were, in contrast to the U-bends, small in number, dif- 
ficult to locate, and had a quite different morphology 
(Fig. 7; cf. Figs 3 and 7). In the flat plates no IGA 
could be found adjacent to or in the weld metal itself 
although a small amount of IGA was found under- 
neath the weld metal in the HAZ (Fig. 8). Annealing 
at 680°C tempered the martensite (Fig. 9) which 
etched preferentially (Fig. 10) and also eliminated 
IGA (see specimens 16 and 27 of Table III) with 
corrosion attack in the weld metal being of a more 
general nature (Fig. l 1). EPR results on the U-bends 
(specimens 28 and 29) show a very poor degree of 
passivation on the reverse scan, compared with the 
high degree of passivation indicated by the results on 
the flat specimens (numbers 17 to 21). 

4. Discussion 
EPR tests differentiate clearly between the IGA 
characteristics of U-bends and flat plates (Table III), 
but the weight losses during the chemical tests are mis- 
leading. The stresses induced during bending increases 
the amount of dissolution by ten times (cf. specimens 

Figure 4 Section of  the HAZ of  the weld in a U-bend showing 
intergranular attack. Etched alcoholic ferric chloride. 



Figure 5 Scanning electron micrograph of fine cracks in the surface 
of the HAZ of the weld in a U-bend. 

Figure 8 Section of the HAZ of the weld in a fiat plate showing 
intergranular corrosion. Etched alcoholic ferric chloride. 

Figure 6 Section of the weld metal in a U-bend. Etched alcoholic 
ferric chloride. 

Figure 9 Section of the weld in a flat plate showing tempered mar- 
tensite. Etched alcoholic ferric chloride. 

25 and 26 with 13 and 14, Table III).  We note again 
the accuracy of  the duplicate tests and must  consider 
this to be, to a large extent, fortuitous.  Anneal ing at 
680°C (specimens 16 and 27) eliminates I G A  but  
increases to amoun t  o f  corrosion.  This is due to gen- 
eral corrosion and not  to intergranular attack, because 
in bo th  cases a noticeable etching or  surface roughen-  
ing occurred. It  is clear that  this is due to the microgal-  
vanic cells in the tempered martensite (Fig. 9) operating 
to enhance the corrosion rate [14]. 

It is difficult with the complex range of  structures, 
stresses and corrosion condit ions to identify in detail 
the processes and mechanisms of  failure. In some cases 
surface corrosion occurs enhanced by the presence o f  
tempered martensite (Figs 9 and 10). But in mos t  cases 
the at tack seems to be essentially intergranular  cor- 
rosion aided by the residual stress o f  welding, and 
more  important ly,  by the applied stress o f  bending. It  
has been suggested that  the intergranular at tack is due 
to a ch romium depleted zone at grain boundaries,  and 

Figure 7 Scanning electron micrograph of the surface cracks in the 
HAZ of the weld in a flat plate. 

Figure 10 Scanning electron micrograph of the surface of the weld 
metal in a U-bend showing etched surface of tempered martensite. 
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Figure 11 Section of the weld in a U-bend that has been annealed 
at 680 ° C. Etched alcoholic ferric chloride. 

the present work is entirely consistent with this mech- 
anism. In particular, the precipitation of copper along 
the weld line must come from an iron-enriched phase 
to give 

Fe + Cu 2+ = Fe z+ -+- Cu 

and the EPR results indicate the presence of regions 
difficult to passivate. Stress clearly influences greatly 
the process and we assume that this is basically by 
cracking any passivating films. In addition, stress 
produces a multitude of fine cracks normal to the bend 
stress axis and within the grains (Figs 3 and 5) which 
are unrelated to the IGA and appear to be a form of 
stress corrosion cracking. 

5. Conclusions 
1. Chemical tests in ½%H2SO4-6%CuSO4-25g 

Cu (chips), and EPR tests in 1.5 M H2SO4 can be used 
to investigate intergranular corrosion in type 405 
stainless steel. 

2. Welds in type 405 stainless steel are susceptible to 
intergranular attack, particularly in the HAZ. 

3. Applied stress enhances the intensity of attack in 
welds. Annealing eliminates the effect of  stress. 

4. Unwelded specimens of type 405 stainless steel 

were susceptible to IGA after heat-treatment for 
10 rain at 1045 ° C. Further annealing for 1 h at 680°C 
eliminated IGA. 
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