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Stainless Steels 

•  Large family of 
corrosion-
resistant steels 

•  Minimum of 12% 
chromium 

STAINLESS

2

There are five classes of stainless
steel: austenitic, ferritic, martensitic,
duplex, and precipitation hardening.
They are named according to how
their microstructure resembles a simi-
lar microstructure in steel. The prop-
erties of these classes differ but are
essentially the same within the same
class. Table II (page 2) lists the
metallurgical characteristics of each
class of stainless steel.

Steel Classification

These are the most popular of the
stainless steels because of their ductil-
ity, ease of working and good corrosion
resistance. All were derived from the
18Cr-8Ni stainless steels.
Their corrosion resistance may be
compared to the rungs on a ladder
with Type 304 on the first rung and the
other grades occupying the successive
rungs. The most common grade is

Type 304/304L, which makes up over 60% of all the stainless steel made in the United States today. The other
grades are developed from the 18–8 base by adding alloying elements to provide special corrosion resistant
properties or better weldability. For example, adding titanium to Type 304 makes Type 321, the workhorse of the
intermediate temperature materials. Adding 2% molybdenum to Type 304 makes Type 316, which has better
chloride corrosion resistance. Adding more chromium gives Type 310 the basis for high temperature applica-
tions. The major weakness of the austenitic stainless steels is their susceptibility to chloride stress corrosion
cracking. Table III (page 2) lists characteristics, properties and examples of these alloys.

Non-magnetic
Non-hardenable by heat treatment
Single phase from 0º (K) to melting point
Crystallographic form – face centered cubic
Very easy to weld

Magnetic
Non-hardenable by heat treatment
Crystallographic form – body centered cubic
Low carbon grades easy to weld

Magnetic
Non-hardenable by heat treatment
Contains both austenite and ferrite
Easy to weld

Magnetic
Heat treatable to high hardness levels
Crystallographic form – distorted tetragonal
Hard to impossible to weld

Magnetic
Crystallographic form – martensitic with microprecipitates
Heat treatable to high strength levels
Weldable

Austenitic

Ferritic

Duplex

Martensitic

Precipitation
Hardening

Table II: Metallurgical Characteristics

Characteristics

Examples

Non-magnetic, Usually
Very ductile
Work hardenable
Lower strength
Not subject to 885ºF (475ºC) embrittlement
Not subject to ductile – brittle temperature range
Not subject to hydrogen embrittlement
Will chloride stress corrosion crack

Type 304, 304L, 304H, 304N, 304LN, 321, 347
Type 316, 316L, 316H, 316N, 316LN, 316Ti
Type 317, 317L, 317LM, 904L
AL6XN, 254 SMO, 25-6Mo, 1925hMo
Type 308, 309, 310

Table III: Austenitic Stainless Steel
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structive to exominc the equilibrium I"Chltion-
Hhips and cm·bon solubility in the Fe-l8Cr-8Ni al· 
loy, illuslriltcd in Fig. 2 (Rcf3). This tlgut·e shows 
that in ;tlloys containing between ;1bolll 0.03 and 
0.7% C,thc equilibrium structul'e should contain 
austcnite,u.ferrite, unci c•ll'bide ill room 
temperature. In commerclal ulloys containing 
v•u·ious austenite stabilizers, the reactiorl y + 
M2:lC(I-> y ·I· a+ M23Cr. (at line SK) is too slug-
gish tt> take place at practical rates of cooling 
frorn temperatures. The Name applies to 
the reaction y--. a+ at carbon contents 
below approximately 0.03%. 

Pol' commercial-purity matcrials1 the 
fo1mution of austenite to cx-fe1'ritc is ignored in 
practice, and in considering carbon solubility in 
mtstenitc, the simplified diagram (Ref 4) shown 
in Pig. 3 is oftcnt·egurded as representative of real 
(i,l!., noneqtdlibrium) situations. In terms of this 
simplified dlagnun, up to 0.03% C should be sol· 
uble in austenite 111 temperatures up to 8(X} •c 
(1470 "P). Austenite that contains rnore th1111 
0.03% C should precipitate M2:1Cr. on cooling be-
l<)w the solubility line. However, at relatively 
rapid rates of cooling, this ,·caction is partially 

suppressed. ·n1is is the case in pmcticc when type 
304 stainless steel containing more than 0.03% C 
is heat treated at 1050 "C ( 1920 •F) to remove ef-
fects of cold wot·king or hot working and cooled 
m a fnirly mpid rate to room temperature. While 
some carbide may h:lVe ptccipit!llcd on cooling, 
the roonHempcnttute austenite is still largely su· 
persaturated with respect to curbon. 

If this supcrsatunllcd austenite is reheated to 
elevilted tcmperattu·cs within they+ M2:1Cr. field, 
ftlrthct precipitation ofthccht·mniunHieh M2:1C6 
will take: place at the austenite gruin boundaries. 
Certain time-temperature combinations will be 
Stlfl'icicnt to p1ecipiwtc this chromium-rich ear· 
bide, but insufficient to tedifl'use chromium back 
into the austenite ncar the cmbidc. This willresuH 
in the formation of envelopes of chromitun·dc-
pletcd austenite mound the c•n·bidc (Ref 5, 6). Be· 

lhc prccipihlte along grain 
boundaries, the linking oft he chromium.deplctcd 
envelopes provides n cMtinuous of lower 
cormsion resistance along the gr.nin botm(htl'ics 
for the propawllion of SCC. This type of su·ucturc 

knowri m; usensitizcd/' irTespcctivc of whether 
the chromium depletion hilS been caused by slow 



Corrosion Types- 
A Partial List 
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FIGURE 1.4 Schematic summary of the various forms of corrosion. 
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General 

Pitting 

Crevice 

Galvanic 

Stress Corrosion Cracking 



Stress Corrosion Cracking-101 

Susceptible 
Material 

Corrosive  
Environment 

Tensile 
Stress 
> threshold 

SCC 



SCC Corrosion Resistance 
of 316 Stainless 

•  Seaside Tests 
•  Boiling NaCl, CaCl2, 

MgCl2 
•  Chloride Films 



Test Rack for Stainless Steels 
Kure Beach, NC 

•  5-15y duration 

 

1.6 I Rate Detormim>tlon 29 
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FIGURE 1.21 l'letractable coupon holder for in-plant testing. (From B. J. 
Moniz, Process Industries Corrosion, B. J. Moniz and W. I. Pollock, ads., NACE, 
Houston, p. 69, 1986. Reprinted by permission, National Association of Corrosion 
Engineers.) 

These urc described in Inter chapters for each localized form of corrosion, when 
neccssat·y. 

After nthdcation and surface. pmp:.m1tion, me weighed to the nearest 0.1 w 

rng, exposed to the corrosive cnvimnmcnt, cleaned or corrosion produds, and 
weighed to weight los:-;, The cxposuJ'C time must be adequate to 
gcncrHtC sufficient wcighlloss fol' accurate A rule of thumb for 

FIGURE 1.22 Tost racl< tor atmospheric exposure of panel specimens. (From K. L 
Money, Metals Handbook, Vol. 13, Corrosion, 9th ed., ASM, Metals Park, OH. p. 205, 
1987. Photograp/1 by courtesy of LaQue Center for Corrosion Technology, 
Wnglltsville Beach, NC. Test rack located at Kure Be>Jch Atmospheric Test Lots. Kure 
Beach, NC. Reprintecl by permission, ASM lntornatlonal.) 

Material Annealed Welded Cold worked Sensitized, 650°C 1.5h 

316 No Failure No Failure No Failure Intergranular attack 

The traditional engineering viewpoint is that chloride SCC does not  
occur in non-sensitized austenitic stainless steels at temperatures  
below 60°C (140°F) in near-neutral chloride solutions. 



Accelerated SCC Testing  
Boiling 26% NaCl, U-Bend 

 
Time	
  to	
  Failure,	
  Weeks	
  

pH	
   Material	
   Min	
   Max	
  
6	
   316	
   NC	
   NC	
  

NC = No cracking after 30 weeks 



Time	
  to	
  Failure,	
  
Weeks	
  

pH	
   Min	
   Max	
  
2	
   1.0	
   5.0	
  

4	
   1.0	
   16.0	
  

6	
   NC	
   NC	
  

NC = No cracking after 30 weeks 

Accelerated SCC Testing 
Boiling 26% NaCl, U-Bend, 316 



Boiling MgCl2 Test 
Extremely Aggressive 

 
ASTM G36-94, Standard Practice 
for Evaluating Stress-Corrosion-
Cracking Resistance of Metals 
and Alloys in a Boiling Magnesium 
Chloride Solution 
 
•  35-43% MgCl2 
•  125-155°C 
 



ASTM G36 Boiling MgCl2 Tests 

Unloaded 
Hanger 

MgCl2 % 
(T, °C) 

Time to 
Crack, h 

316L  43, (155) <4.5 
35, (125) <26 

Petzl Hanger 



Boiling MgCl2 Tests 
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The risk for stress corrosion cracking is strongly affected by both the nickel content and the microstructure. The
effect of nickel content is apparent from Figure 13. Both high and low nickel contents give a better resistance to
stress corrosion cracking. In the case of the low nickel contents this is due to the structure being either ferritic or
ferritic-austenitic. The ferrite phase in stainless steels with a low nickel content is very resistant to stress corrosion
cracking.
For high strength steels the main factor affecting the resistance to hydrogen embrittlement is the strength.  The
susceptible to hydrogen embrittlement will increase with increasing strength of the steel.

Time to failure (h)

Nickel content (%)
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Figure 13. Stress corrosion cracking susceptibility in boiling MgCl2 as a function of
nickel content (4).

In applications in which there is a considerable danger of stress corrosion cracking, steels that either has a low or a
high nickel content should be selected. The choice could be either a ferritic or ferritic-austenitic steel or a high-
alloyed austenitic steel or nickel-base alloy. Although about 40% nickel is necessary to achieve immunity to
chloride-induced stress corrosion cracking, the 20-30% nickel in steel grades such as ‘654 SMO’, ‘254 SMO’,
‘904L’ and ‘A 28 (commonly known by the Sandvik tradename SANICRO 28). is often sufficient in practice.
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Figure 14. Comparison of stress corrosion cracking resistance of some austenitic stainless steels. Drop-
evaporation method testing with loading to 0.9 x Rp0.2.

In this context it should, however, be noted that nickel content is not the only factor that governs resistance to
stress corrosion cracking: the entire composition of the alloy is important. Molybdenum has been found to have a
considerable effect on resistance to stress corrosion cracking. However, more than 4% molybdenum is required to
obtain a significant effect, as is apparent from a comparison of ‘904L’ and ‘254 SMO’ in Figure 14. Selecting a
stainless steel for service in an environment that can cause stress corrosion cracking cannot just be done on the
basis of nickel content.
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•  Tests conducted on U-bend specimens 304L, 316L 
containing salt deposits:  NaCl, MgCl2, CaCl2, ZnCl2 
–  Tests designed for films of maximum chloride concentration 
–  Test duration:  2 years, ambient temperature 
 

•  Cracking occurred with maximum concentrations 
for Mg, Ca, Zn chloride salts BUT NOT NaCl. 

Chloride Film SCC Tests 
Ambient Temperature  

Shoji, 1989 

Ca+2,  2 Cl- 
Ca+2,  2 Cl- 
Low RH High RH 

No Cracking Cracking 



Saturated Chloride Films 
Importance of Humidity 

Salt Saturated 
concentration,  

wt% as Cl 

Relative Humidity required 
for saturated Cl solutions 

(%) 

NaCl 
NO FAILURE 

16 75 

MgCl2 
FAILURE 

27 33 

CaCl2 
FAILURE 

29 31 

ZnCl2 
FAILURE 

42 10 

Low humidity required for Mg, Ca, Zn chloride salts to cause 
SCC on austenitic stainless steels.   



Thailand SCC Case Study 
Hanger Fragment 

A 

A’ 

B 

B’ 

Available Fragment Example Hanger and Bolt 

•  Used at Railay Beach 
•  Installed 1994, 15m from cliff base contacting ocean at high tide 
•  Hanger broke in 2004 when tested by hand. 



Petzl Hanger 
Chemistry & Hardness 

 

•  Hanger 
–  316L, 0.14 in thickness, rated 25 kN 

•  Intact hanger: 350 Hv hardness 
–  Typical Annealed 316L is 230 Hv  

C Cr Ni Mn Mo P Si S 

0.018 16.5 10.2 1.8 2.1 0.024 0.61 <0.005 

Chemical Analysis (wt pct): 



Optical Microscopy   
Unetched Surface, A-A’ 



200 µm 

Optical Microscopy-  
Etched Microstructure, A-A’ 



Analysis of Corrosion Product 
XPS/ESCA 

 

Cation 
Ratio 

Sea Salt 
Ratio 

Failed 
Hanger Ratio 

Na / Ca 25.5 / 1 1 / 1 

Na / Mg 8.3 / 1 1 / 6.4 

Solids on hanger NOT consistent with sea salt exposure 
Very high levels of Mg, Ca 

Fe, Si, Cr, Ni, Cl, Na, Ca, S, 
O, Mg, Al detected in solid. 



Tower Karst Geology 101 
•  Thailand tower karst undergoes 

tropical erosion 
•  Lush vegetation leads to very 

acidic soil waters 
•  Limestone normally dissolved by 

CO2-containing water 
Ø  Rainwater pH~5.6   
Ø  Soil water in tropics as low 

as pH~3, much more 
aggressive in dissolving 
limestone 

•  Hot tropical sun evaporates 
water films, re-precipitates Ca,  
Mg minerals, results in features 
such as stalactites  



Another Case Study: 
Indoor Swimming Pool Roof Failure 

Ambient SCC of Austenitic SS 
•  Uster, Switzerland indoor swimming 

pool roof collapsed in 1985 killing 12 
people. 

•  Roof was suspended by 0.25” 
diameter 304 stainless rods in 
tension 
–  Failed by TGSCC. 
–  Failure does not occur on SS immersed 

in pool water. 
–  Analysis of samples showed high levels 

of Cl and Mg, Zn, thought to be from 
construction materials. 



Indoor Pool Atmospheres  
Olsted, 1991 

•  Fountains produce aerosols of pool water that contain 
some chloramines 
–  These aerosols thought to degrade to HCl 

•  Relative humidity low, 50-60%;  RH lower in roof area 
•  Temperature range 26-28°C 
•  Mg, Zn from construction materials 

•  Conclusion:  Combination of high chloride concentration, 
low pH and low humidity necessary for Cl TGSCC.   
–  High Cl/low RH unique to indoor swimming pool atmospheres?? 



Conditions Necessary 
for Atmospheric TGSCC  

The Perfect Storm 
•  Indoor swimming pool roof collapse 

 
•  Thailand bolt failures 

 

304,  
under tension  Chloride  Mg, Zn  Acid Low 

Humidity 

316 
Cold worked  Chloride  Ca, Mg  Acid LOW 

Humidity? 



Daily Relative Humidity 
Phuket, Thailand 

Days 
Source:  The Weather Underground 

Nov 00 Jan 01 Mar 01 May 01 Jul 01 Sept 01 Nov 01 Jan 02 

RH frequently 50-60% 
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Conclusions 
•  Cold-worked, austenitic stainless steel 

climbing anchors on tower karst 
formations in southern Thailand fail by 
ambient temperature, Cl-induced 
TGSCC 

•  Acidic soil waters associated with the 
high limestone dissolution-
reprecipitation rates in tower karst 
allow for high concentrations of CaCl2 
and MgCl2 to accumulate 

•  Humidity levels on the coast are 
within the range necessary for 
ambient temperature TGSCC to occur 



Titanium Replacement Anchors 

Ushba Tortuga 
Unalloyed Ti (Grade 2) 

•  Extremely corrosion resistant, 
virtually immune to chloride 
attack at any stress level 

•  Survived 28 days in boiling 
MgCl2, no cracking observed 
including weld area 

•  Can withstand hydrochloric 
acid to high concentrations 

•  Tough material 
•  Weldable 



Titanium Replacement Anchors 

Ti-6Al-4V 
Grade 5 

•  Survived 28 days in boiling 
MgCl2, no cracking observed 

•  Ti-6Al-4V highly SCC resistant 
but not completely supported 
by manufacturers in aqueous 
chloride environments unless 
it’s Grade 23 (extra low 
interstitials) 

•  Much stronger than Ti Grade 2 

 



Stainless Steel Failure 
Varasova, Greece 

3.6. Calculations and finite element analysis

Corrosion related cracking mechanisms (like stress corrosion cracking) require the existence of stress. In order to demon-
strate the stress state of the bolt in the steady state condition a three dimensional finite element analysis model was set up
using ALGOR! finite element analysis software. The aim of themodelingwas to investigate themost critical areaswith respect
to stress that in combination with the existence of corrosive environment could lead to stress corrosion cracking of a typical
bolt made of austenitic stainless steel. The aforementioned model consisted of 63,360 eight-noded first order brick elements.
Regarding the boundary conditions, the nodes of the conical surface of the bolt were totally fixed. The nodes of the thread that
joinswith the nutwere loadedwith axial and circumferential nodal loads in order to simulate the application of the tightening
torque. The model was assigned with AISI 303 material properties and was further calibrated with respect to mesh density at
stress rising areas by comparing the axial and shear stresses calculated by the model with the values provided in literature
[19] for given tightening torque and friction coefficients. Manufacturing induced residual stresses [20] were not taken into
account. The final model and the distribution of axial and Von Mises stresses are shown in Fig. 8. From this figure it was de-
rived that the maximum axial and Von Mises stresses were developed in both the conical shaped area of the bolt and the
thread behind the nut. The cylindrical area of the bolt between the thread and the conical shaped area was also under very
high stress that was uniformly distributed through the entire cross section. The aforementioned high stressed areas were con-
sidered to be the most critical areas with respect to corrosion related cracking mechanisms like stress corrosion cracking. No-
tice that the stress developed at the threaded end of the bolt that was found free from cracks is very low (almost zero).

4. Discussion, conclusions and recommended actions

From the findings and the investigation presented in the previous sections the following are derived:

(1) The broken surface of the bolt presented no plastic deformation inmacroscale; thus the failure refers to a brittle fracture.
(2) The absence of macroscopic plastic deformation of the bolt implies that hammering did not take place during instal-

lation; thus the bolt was smoothly inserted into the whole without any severe straining. Notice that severe hammer-
ing of the bolt may cause additional damage to the threads and induce tensile residual stresses that are detrimental for
the long term integrity of the bolt near a seaside environment.

Fig. 3. Extensive pitting on the external surface. (a) The threaded end of the bolt free from pitting (see red arrow). (b) Pits close to the fracture surface. (c)
Pits transformed into cracks.

126 D.G. Karalis et al. / Engineering Failure Analysis 19 (2012) 123–130

•  Climbing bolt 303 stainless 
•  Both pitting and SCC observed 
•  Many pits turned into cracks 

Karalis, D.G., Engineering Failure Analysis, 19, 2012, 123-130 



Acknowledgments 

•  Josh Lyons, Thaitanium project 
•  R.D. Pascoe, Access Fund 
•  Greg Barnes, American Safe Climbing 

Association 
•  Steve Gladieux 
•  John Byrnes, Mike Shelton 
•  Exponent Failure Analysis Associates, Larry 

Eiselstein 
 



TMI Slides 



Root Cause Analysis 
•  What environmental conditions are responsible for the 

extensive TGSCC of austenitic stainless in Thailand? 
 

 
Factors Environmental Condition 
Chloride (sea water) Necessary but not sufficient 

High Humidity Should help prevent corrosion by diluting 
chloride films 

Warm Temperatures Generally below 60°C is considered safe 
unless exposed to very corrosive conditions 

Acidic Soil Waters Much more aggressive when combined 
with chloride 

Dissolved Limestone Chloride salts are much more aggressive 
as CaCl2 or MgCl2 

Low Humidity Intervals Makes CaCl2, MgCl2 salts extremely 
corrosive 



•  Generally very resistant to chloride SCC 
because low nickel content 

•  Not strengthened by cold work or heat treatment 
•  Mechanical properties tradeoff compared to 

austenitic stainless 
–  Much lower toughness  
–  Generally limited to thin sections (3mm) 
–  As section size increases, ductility decreases 
–  Ductile-to-brittle transition phase can be room 

temperature for some specimen sizes 
•  Variable chloride pitting corrosion resistance 

Ferritic Stainless Steels 



Stainless Steels 
Pitting Corrosion Resistance 

10

PREN = %Cr + 3.3(%Mo) + 16(%N)

A PREN of 32 is considered the minimum for
seawater pitting resistance.

Three factors influence pitting corrosion: chloride
content, pH, and temperature. In general, the higher
the temperature and chloride content and the lower
the pH, the greater the probability of pitting. For a
given chloride content, a higher temperature and
lower pH encourage pitting. Conversely, a lower

temperature and a higher pH reduce pitting. The
worst conditions occur with acid chlorides, and less
dangerous conditions occur with alkaline or high pH
chlorides. Pitting can occur rapidly once it starts.
For example, under the right conditions of chloride
content, pH and temperature, a type 304 tube with
a .035" (0.89mm) wall thickness will pit through in
less than 8 hours.

Increasing the molybdenum in the alloy produces
greater resistance to pitting. Therefore high molyb-

denum – high chromium
alloys generally provide
the best pitting resist-
ance. Figure 3 (page 10)

shows the relationship of
pitting, molybdenum
content, pH, and chloride
content.

Applicable Alloys
Types 301, 302, 303, 304, 304L, 304N, 304LN, 305, 308, 309, 310, 321, 347
Types 316, 316L, 329
Types 317, 317L
Alloy 825
Alloy 904L, Types 317LM, 317LMN
AL-6XN, 25-6Mo, 254SMO, Alloy G, Alloy G-3
Alloy 625

Table X: Alloy grades according to molybdenum content

Molybdenum Content
0
2
3

3.5
4
6
9

Table X (page 10) lists alloys within the molybdenum contents shown on the graph. The molybdenum line repre-
sents the threshold at which pitting starts. Above the line pitting can occur rapidly while below the line pitting
corrosion will not take place. This chart is very helpful in determining the amount of chloride and pH that can be
tolerated for a given alloy class.

Figure 3: Pitting corrosion
relationship as a function of
chloride content, pH and
molybdenum content of
austenitic chromium alloys.
Temperature range, 150-
180º F 965-80º C), Pitting
is not a problem below the
line, but may be severe
above the line.

conservative. The greater the difference between
the CCCT and the operating temperature, the
greater the probability that crevice corrosion will
occur. This chart is very useful in determining the
effect of temperature on corrosion by indicating the
approximate temperature at which pitting corrosion
begins. The effect of temperature on pitting corro-
sion is not as clear as that for crevice corrosion, but
by adding approximately 100° F (60° C) to the
CCCT, the approximate temperature at which pitting
starts can be determined.

Crevice corrosion is another form of galvanic
corrosion, which occurs when the corroding
metal is in close contact with anything that
makes a tight crevice. Crevice corrosion is
usually the first to occur and is predictable as
to when and where it will take place.
Like pitting, a conductive solution must be
present; and, the presence of chlorides makes
the reaction proceed at a fast rate. Crevice
corrosion depends on the environmental
temperature, alloy content and metallurgical
category of the alloy. Also, there is a relation-
ship between the tightness of the crevice and
the onset time and severity of corrosion. There
is a "critical crevice corrosion temperature"
(CCCT) below which corrosion will not occur.
Figure 4 (page 11) is a plot of the PREN
versus CCCT and metallurgical category.
Table XI (page 10) lists the PREN for some of
the more common alloys. These values are
based on the lower composition value for each
alloy addition; therefore, the results are

11

CREVICECorrosion
Table XI: PREN number for Various Alloys

Alloy

Type 304, 304L
Type 304N, 304LN

Type 316, 316L
Type 316N, 316LN

Type 317, 317L
Type 317LMN

AL-6XN
Alloy 625

Alloy C-276
20Cb-3

Alloy 2205
7-MoPLUS

SEA-CURE Stainless
Type 430
Type 439
Type 444

Metallurgical Category

Austenitic

Duplex

Ferritic

PREN

18.0
19.6
22.6
24.2
27.9
31.8
42.7
46.4
73.9
25.6
30.5
31.7
49.5
16.0
17.0
23.3

Figure 4: Critical
Crevice corrosion
temperature as a func-
tion of the PRE Number.
CCT will not occur below
the temperature indicated.
Tests made 6% ferric chloride.

•  A high Pitting Resistance 
Equivalence Number (PREN) is 
desired 



Duplex Stainless Steels 
Boiling CaCl2Tests 

Results and discussion
Concentrated calcium chloride

Table 7 gives a summary of the results from the calcium chloride test. None of the duplex 
(S32101, S32304 and S32205) U-bend specimens showed any evidence of stress corrosion 
cracking, neither in the parallel nor in the transverse direction after an exposure time  
of 500 hours. On the S32101 and S32205 materials there were a few cases of pitting  
corrosion on the stressed surface. All duplex grades exhibited corrosion attacks on the 
ground edges of the specimens. The most severe case of edge attack was found on S32101 
and the least severe on S32205. For the S30400 grade, the first cracks were visible after 
less than 48 hours of exposure. The test was cut short after 96 hours as the material then 
showed severe stress corrosion cracks on all specimens. Five of the specimens were cracked 
through the cross section of the U-bends, whereas the sixth specimen had several large 
cracks across the surface.

Specimens  U-bend

Surface finish  As recived

Temperature  50°C

Solution MgCl2  CaCl2

Chloride concentration 340 g/l  380 g/l

Relative humidity 31 ± 1 %  17 ± 1 %

Test duration  4 and 22 weeks

Experimental parameters chloride deposits Table 6

After exposure for 500 hours, none of the duplex 4-PB specimens showed any signs of 
stress corrosion cracks. All of the duplex grades exhibited edge attacks on the ground 
edges of the specimens. Most severe was the edge attack on grade S32304 and least severe 
on grade S32750. The test of grade S30400 was cut short after 340 hours and stress 
corrosion cracks were found on all specimens, stressed to both 60 and 90% of the yield 
stress, when they were examined in a light optical microscope. The cracks were extended 
across the thickness of the specimen and were generally found in the area around the two 
inner supports.

Concentrated magnesium chloride 

The results from testing in boiling 45% MgCl2 solution are summarised in Table 8. 
There were no signs of pitting attack on the specimens after exposure. However, the 
surface appearance was generally greyish and dull except for grade S32750 that was still 

Summary of test results for concentrated calcium chloride Table 7

                  Number of specimens

 Exposure                  U-bend                            4-PB  
Material time  Failed due   Failed due  
UNS No. [h] Tested to SCC Tested to SCC

S30400 96 6 6 – –

 340 – – 4 4

S32101 500 6 0 2 0

S32304 500 6 0 2 0

S32205 500 6 0 2 0

S32750 500 – – 2 0
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Duplex Stainless Steels 
Boiling MgCl2 Tests 

quite shiny. While all specimens of S30400, S32205 and S32750 were cracked through 
the specimen thickness after exposure for 24 hours, two of the S32101 specimens and 
one of the S32304 specimens showed no evidence of stress corrosion cracks when the 
surface was examined. However, after grinding and polishing cross sections of the speci-
mens, cracks were detected in all specimens. Thus, all specimens had failed due to stress 
corrosion cracking in boiling magnesium chloride. Cross sections of all grades were 
further investigated by SEM and Figures 1–4 illustrate the differences in crack size and 
morphology of the duplex grades.

Figure 1 shows that S32101 has cracks extending to around 0.7 mm into the cross section 
and the cracks are wide, discontinuous and exhibited minor branching. Grades S32304 
(Figure 2) and S32205 (Figure 3) both have cracks extending about 1 mm into the material 
while the crack in grade S32304 is less branched than grade S32205. S32750 has narrow 
and branched cracks that cut across the whole specimen thickness (1.0 mm) of the specimens. 
When the crack reaches the specimen centre, the cracks extend parallel to the rolling 
direction (Figure 4).

The wide appearance of the cracks in grade S32101 suggests that corrosion of the 
crack walls is taking place. Corrosion of the crack walls could also account for the less 
branched appearance of the cracks in S32101. Andersen et. al. showed that selective 
dissolution of the ferrite phase occurred in S31803 when testing the SCC susceptibility 
under evaporative conditions [15]. In this study, it was difficult to detect whether one 
phase has been selectively dissolved and it appears that both phases have been subjected 
to corrosion in this aggressive environment. The severity of the attack on the crack walls 
makes it difficult to distinguish the original crack path in S32101.

Higher magnification reveals that the crack path is mainly transgranular in both ferrite 
and austenite (Figures 1– 4) in the duplex grades. However, there are tendencies that 
the crack prefers a transgranular propagation mode in the austenitic and in the interface 

Summary of test results for concentrated magnesium chloride Table 8

 Exposure                           Number of specimens 
Material time  Failed due 
UNS No. [h] Tested to SCC

S30400 24 3 3

S32101 24 3 3

S32304 24 3 3

S32205 24 3 3

Fig. 1   Backscattered Electron Micrographs of representative cracks in S32101, 45% MgCl2 155ºC after 24 hours.
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It doesn’t take much chloride to cause failure (a few
parts per million will do the job) providing that the
pH is low and oxygen is present. Temperature is
important, and there is a threshold temperature
below which the steel will not crack. This is related
to the critical pitting temperature; therefore, the

threshold temperature increases as the molybde-
num content increases. Type 304 may SCC at room
temperature, whereas the six percent Mo alloys
have a threshold temperature in the range of 450º F
(239º C).

ENVIRONMENT

Air, Seawater, Salt and chemical combinations

Nitric acid, Caustic, Salts, Coastal atmospheres

Ammonia and ammonium hydroxide, Amines, Mercury

Caustic, Anhydrous ammonia, Nitrate solutions

Seawater, Chlorides, Hydrogen sulfide

Chlorides, both organic and inorganic, Caustic solutions, Sulfurous and polythionic acid

Caustic above 600∞F (315∞C), Fused caustic, Hydrofluoric acid

Seawater, Salt atmospheres, Fused salt

Table XII: Alloy Systems Subject to Stress Corrosion Cracking
ALLOY

Aluminum alloys

Magnesium alloys

Copper alloys

Carbon steel and iron

Martensitic and precipitation 
hardening stainless steel

Austenitic stainless steel

Nickel alloys

Titanium alloys

Figure 7: Probability of chloride stress corro-
sion cracking occuring as a function of the
nickel content of the alloy. Cracking will not

occur below the stress corrosion cracking
threshold temperature, but will above.
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Industry Tests Relevant to 
Climbing Hardware in Marine 

Environments  
•  Boiling MgCl2 and CaCl2 tests 

– Expect >1000h without cracking 
•  Acid Salt Spray Test 

– Use aggressive salts 



Optical Microscopy-  
Etched Microstructure, A-A’ 
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