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Stress 
Corrosion 
Cracking 
of Various 
Alloys—Part 2 
S.J. SUESS, Stork Technimet, Inc., New Berlin, Wisconsin 

Stress corrosion cracking (SCC) can lead to rapid 

and catastrophic failure. Failures often occur with 

little or no prior warning. A systematic approach is 

needed to evaluate any failure and identify its 

cause. T is article continues the case histories begun 

in August 2007 MP (p. 74) and illustrate 

common features evident in SCC. 

M
any metals and alloys undergo 

stress corrosion cracking (SCC) 

under certain conditions. Sev-

eral factors have been found to 

affect the stress corrosion crack propaga-

tion rate in a susceptible metal or alloy, 

including solution concentration, tem-

perature, pH, turbulence conditions, and 

fl ow velocity.1 Although the mechanical 

and chemical processes involved in SCC 

are complex, several different crack ini-

tiation and propagation models have been 

proposed. 

In any event, proper identifi cation of 

the root cause of any failure is necessary 

to apply practicable corrective measures. 

Using a systematic approach in any such 

investigation will minimize the likelihood 

that critical features will be overlooked. 

SCC produces certain characteristic fea-

tures that can be recognized by an expe-

rienced analyst during a failure investiga-

tion, although these features will vary 

depending on the material, stress level, 

and environment.

The following case histories describe 

various aspects of SSC. 

Case Histories 

Cracked Ductile Iron 

Bottom Press Roll Head 

A front head from a bottom press roll 

that had been used in a papermaking 

process developed a crack at the radius 

between the journal and the head face. 

The component was manufactured from 

ductile iron (DI), and was exposed to 

various aqueous solutions while it was in 

service. The material is required to have 

minimum tensile and yield strengths of 

90,000 and 60,000 psi (621 and 414 

MPa), respectively. 

Visual Inspection

Figure 1 shows the bottom press roll 

head along with a higher magnifi cation 

view of the cracked area. The opened crack 

exhibited dark gray scale and features 
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FIGURE 1

FIGURE 2

The bottom press roll (a) shows evidence of a crack in the head, as indicated between the arrows in the higher magnifi cation view (b).

The metallographic study of the cracked area of the press roll head revealed a microstructure of graphite nodules and exploded graphite in a 
matrix of pearlite and ferrite. Several branched stress corrosion cracks are also evident, and corrosion deposits were noted along some of the 
cracks.

indicating progressive cracking that initi-

ated at multiple locations at the surface. 

Chemical Analysis and 

Mechanical Testing

The composition of the head was de-

termined by inductively coupled plasma/

atomic emission spectroscopy (ICP/AES) 

and a combustion/IR technique, and the 

tensile properties of the head were also 

determined. The composition is consis-

tent with the typical values for DI per 

ASTM A 476;2 the tensile properties of 

the head are well below the plant require-

ments, however. 

Scanning Electron Microscopy

The fracture surface was further stud-

ied by scanning electron microscopy 

(SEM). The area near the surface showed 

evidence of severe oxidation, which is 

consistent with visual fi ndings. Evaluation 

of a few locations at the crack tip revealed 

transgranular cracks with evidence of 

microcracks, and these features are con-

sistent with SCC. A laboratory fracture 

through the adjacent material showed a 

mixture of cleavage and localized dim-

ples. The features indicate that the mate-

rial is inherently fairly brittle. 

Metallography

A metallographic cross-section was 

prepared through the cracked area of the 

head, and is shown after etching in Figure 

2. The microstructure consists of graphite 

(a) (b)

(a)(a) (b)(b)
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nodules and exploded graphite in a ma-

trix of pearlite and ferrite. The exploded 

graphite is indicative of poor control of 

the inoculation process during solidifi ca-

tion of the casting, and this likely contrib-

Exemplar fractured bolts show separation through the square cross-section immediately 
beneath the head. Some black deposits were noted at localized areas of the fractures.

FIGURE 3

FIGURE 4

Higher magnifi cation study of a typical intact bolt revealed a discontinuity at the forged corner along with evidence of white corrosion 
deposits. Similar discontinuities were noted at the other forged corners.

uted to the poor mechanical properties of 

the material. Several branched secondary 

stress corrosion cracks were noted, and 

these cracks propagated from the primary 

fracture in the part. Corrosion deposits 

were noted at the secondary crack tip 

areas, and this indicates that the corro-

dant was present at these areas. 

Conclusions

Although the chemical composition of 

the head was consistent with DI, the 

mechanical properties fell well below the 

minimum requirements. The microstruc-

ture showed that improper control of the 

inoculation process during solidifi cation 

of the casting likely contributed to the 

poor mechanical properties. The compo-

nent showed evidence of SCC adjacent 

to the primary fracture. The corrodant 

that was responsible for the SCC was not 

identifi ed, but the features indicate that 

SCC contributed to the failure. 

Fractured Alloy Steel 
Carriage Bolts 

Several zinc and chromate-coated 

carriage bolts had fractured within sev-

eral hours following installation. The 

bolts were reportedly installed using a 

torque of 160 N-m, and the assembly was 

then cleaned in a solution containing 

(a) (b)



70 MATERIALS PERFORMANCE September 2007

FIGURE 5

The expansion joint (a) exhibits a crack, as illustrated by the arrow. Higher magnifi cation evaluation of this area (b) revealed a jagged crack in 
the fi rst convolution of the bellows.

phosphoric acid (H
3
PO

4
) and other addi-

tives. The assembly was then air-dried 

and painted. Fractures were noted only 

in bolts that were cleaned and painted. 

Some intact bolts from the same assembly 

were also provided. 

Visual Inspection

The fractured bolts (Figure 3) exhib-

ited separation through the square cross-

section immediately beneath the head. 

Some black deposits were noted at local-

ized areas of the fracture, and the part 

surfaces exhibited evidence of corrosion. 

Figure 4 shows the area beneath the head 

of an intact component; a discontinuity 

was noted at the forged corner, and the 

surrounding surface exhibited evidence 

of corrosion. Similar discontinuities were 

also noted at the other corners. This bolt 

was intentionally fractured to expose the 

features of the discontinuities. The frac-

ture exhibited the same general features 

as the bolts that had completely sepa-

rated; this indicates that similar cracking 

had initiated in the bolt, but had not 

caused complete separation. 

Scanning Electron Microscopy 

and Energy Dispersive 

X-ray Spectroscopy

The opened fracture was further ex-

amined by SEM; the features are indica-

tive of surface oxidation, although some 

localized dimples are evident in a linear 

pattern on the surface. These features are 

consistent with a fold from the forging 

process. Similar features were noted at 

the other corners of the cross-section; 

some of the features are indicative of in-

tergranular cracking. This area was ana-

lyzed by energy-dispersive x-ray spectros-

copy (EDS), and a similar analysis was 

also conducted in a discolored region of 

the fracture. 

An area containing a black deposit 

had high levels of iron, zinc, carbon, and 

oxygen, with a moderate amount of so-

dium, and low levels of manganese, 

chromium, silicon, potassium, calcium, 

titanium, sulfur, phosphorus, and chlo-

rine. The iron, manganese, chromium, 

and zinc are likely from the base metal 

and metallic coating, while the titanium 

and carbon are likely indicative of paint 

residue; the oxygen is likely in the form 

of oxidation products. The remaining 

elements indicate foreign substances, in-

cluding residue from the cleaning process. 

The chlorine likely indicates chlorides, 

and aqueous chlorides are known to be 

corrosive to alloy steels. Dimples were 

evident in the laboratory fracture. This 

indicates that the material is inherently 

ductile at ambient temperature. 

Metallography

A longitudinal metallographic cross-

section was prepared through the head 

and shoulder of an additional intact bolt. 

Several jagged cracks were noted in the 

head, and these cracks had propagated 

from the forged corners of the square 

cross-section. Some branching was evi-

dent along with corrosion deposits. These 

features indicate SCC in alloy steels. 

Etching of the cross-section revealed a 

microstructure of fine tempered mar-

tensite, indicative of the quenched and 

tempered condition; no correlation was 

noted between the cracks and the micro-

structure. 

Conclusions

The results show that the failure of the 

carriage bolts was attributed to SCC, 

which initiated at surface forging discon-

tinuities. The surface discontinuities 

served as sites for stress concentration, 

and exposure of the stressed fasteners to 

the acidic cleaning solution led to SCC 

through the heads. Similar cracks were 

noted in the bolts from the assembly that 

had not completely separated. In this 

case, the failures were caused by a com-

bination of applied stress, a corrosive 

environment, and surface flaws that 

served as sites for stress concentration. 

(a) (b)
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Cracked Expansion Joint 
An Inconel 625† (UNS N06625) steam 

line expansion joint developed cracks 

while in service. The assembly operated 

at 500°F (260°C) under a pressure of 

~220 psig, and was in service for about 

one year prior to the failure. 

Visual Inspection

The expansion joint is shown in Figure 

5 along with a view of the cracked area of 

the interior surface. A jagged crack was 

noted in the fi rst convolution of the bel-

lows. The component showed signs of se-

vere constriction during sectioning, indi-

cating the presence of high residual stresses 

in the part. Higher magnifi cation views of 

the opened crack and adjacent inner sur-

face revealed discoloration along with 

evidence of several secondary cracks. 

Chemical Analysis

The chemical composition of the 

cracked bellows was determined by ICP/

AES, with the carbon and sulfur contents 

determined using a combustion/IR tech-

nique. The condition is consistent with 

the specifi ed alloy per ASTM B 443.3 No 

anomalies were found in the chemical 

composition of this component. 

Energy Dispersive 

X-ray Spectroscopy

Typical areas of the inner surface and 

opened crack were analyzed using EDS. 

The inner surface was found to contain 

relatively high levels of nickel, sodium, 

carbon, and oxygen, with moderate levels 

of iron, chromium, silicon, aluminum, 

potassium, calcium, zinc, sulfur, and 

chlorine, and small amounts of manga-

nese, magnesium, copper, titanium, and 

phosphorus. The nickel, iron, and chro-

mium are likely from the base metal, and 

the carbon and oxygen may be in the 

form of small amounts of organic depos-

its, although some of the oxygen may also 

be indicative of oxidation products. The 

sodium, potassium, magnesium, and 

calcium are likely in the form of hard 

water deposits, and the chlorine is in-

dicative of chlorides. Fairly similar results 

were obtained from analyzing the frac-

ture surface. 

Scanning Electron Microscopy

The opened crack surface was cleaned 

in an alkaline detergent under ultrasonic 

agitation in order to remove most of the 

deposits and corrosion products, and was 

then studied by SEM. Although corrosion 

had caused considerable damage to the 

original fracture, localized feathery fea-

tures indicative of transgranular SCC were 

found both near the surface and at the 

approximate mid-thickness areas. A region 

within the laboratory fracture exhibited 

dimples indicating that the material is in-

herently ductile at ambient temperature. 

Metallography

A metallographic cross-section was 

prepared through a cracked region of the 

component, and is shown in Figure 6. 

Several branched secondary stress corro-

sion cracks are evident near the primary 

fracture, and all of the cracks emanated 

from the inner diameter surface. Similar 

branched cracks were noted at other re-

gions, well outside of the primary crack 

area. The microstructure consists of 

nickel-chromium-iron-molybdenum solid 

solution, and shows evidence of segrega-

tion, which is typical for this alloy. The 

cracks were found to be generally trans-

granular in nature. 

Microhardness Testing

Knoop microhardness tests were per-

formed in the core material of the bel-

lows, within the vicinity of the cracks. The 

fi ndings were indicative of a moderately 

cold-worked condition. 

FIGURE 6

Metallographic evaluation of an additional cracked area of the bellows, well outside of the primary fracture area, revealed a microstructure of 
nickel-chromium-iron-molybdenum solid solution with several branched secondary transgranular stress corrosion cracks.

†Trade name.

(a) (b)
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FIGURE 7

A typical cracked hub (a) shows cracking that resulted in separation of a portion of the fl ange. One of the fractures (b) exhibits a somewhat 
woody texture with some localized dark discoloration.

Conclusions

This evaluation shows that the bellows 

of the expansion joint underwent trans-

granular SCC at the fi rst convolution 

near one end. The cracks emanated from 

the inner surface of the component, and 

the observed discoloration at this area 

indicates surface contamination. Analysis 

of the surface material revealed a sig-

nifi cant amount of chlorine, and chlorine 

was also detected in a typical area of the 

opened crack. The chlorine is likely from 

chlorides, which have been found to 

cause SCC to nickel alloys under a vari-

ety of conditions. It is possible that the 

contaminant was present in the water 

that was injected into the bellows, and 

had concentrated over time. Sectioning 

of the component revealed evidence of 

relatively high residual stresses, and 

such stresses likely had a signifi cant con-

tributory effect on the cracking. No 

anomalies were noted in the chemical 

composition or microstructure of the 

bellows, however. 

Fractured Aluminum 
Alloy Bicycle Hubs 

Several anodized aluminum alloy bi-

cycle hubs fractured through the fl anges 

prior to service, where some of the parts 

even spontaneously cracked during ship-

ment. The parts were specifi ed to be made 

from aluminum Alloy 6082-T6 bar stock, 

although no specifi c details pertaining to 

the manufacturing steps or employed 

processing solutions were provided. 

Visual Inspection

The cracked area of a typical hub is 

depicted in Figure 7, where cracking 

caused a separation of a portion of the 

fl ange. The black coloration of the part 

surface is consistent with an anodized 

aluminum component. Most of the frac-

ture exhibits a somewhat woody texture, 

which is suggestive of ductile rupture; 

however, slightly darker features were 

noted at localized areas adjacent to the 

part surfaces. 

Chemical Analysis

The chemical composition of the com-

ponent was determined by ICP/AES. The 

composition was found to be consistent 

with the requirements for the specifi ed 

aluminum alloy. 

Scanning Electron Microscopy 

and Energy Dispersive 

X-ray Spectroscopy

The fracture surface of a typical com-

ponent was further studied by SEM/

EDS. A region near the part surface ex-

hibited features somewhat consistent with 

intergranular cracking. EDS analysis of 

this region showed the presence of some 

foreign substances; no chlorides or other 

halides were detected, however. The 

general fracture in the center of the sec-

tion contained elongated dimples. These 

features confi rm that cracking progressed 

in a single event via ductile overload. 

Hardness Testing

Typical parts were evaluated for 

Rockwell hardness. Both parts were 

found to have a hardness of 67 HRB, 

which is consistent with an artifi cially 

aged condition. 

Metallography

A metallographic cross-section was 

prepared through a cracked area of a 

typical part. The profi le of the primary 

crack is consistent with ductile rupture in 

an aluminum alloy, and several second-

ary cracks appear to have emanated from 

one of the holes in the part. The section 

is shown after etching in Figure 8, where 

a uniform microstructure of intermetallic 

phases is present within the aluminum 

matrix. The cracks do not follow along 

any of the intermetallic phases. 

(a) (b)

Stress Corrosion Cracking of Various Alloys—Part 2M A T E R I A L S  S E L E C T I O N  &  D E S I G N



September 2007 MATERIALS PERFORMANCE 73

Conclusions

This study showed that these hubs 

initially underwent SCC, and subse-

quently fractured in a ductile manner due 

to overload. Aluminum has been found 

to undergo SCC under certain stress 

conditions in the presence of halides such 

as fluorides, chlorides, and bromides. 

Such substances could have been depos-

ited during a process such as cleaning, 

and were either removed from the crack 

surfaces subsequent to cracking, or were 

present at levels below the detection lim-

its of the EDS detector. The reduced ef-

fective cross-sections caused by SCC 

likely made these parts more prone to 

overload upon sudden loading events. No 

anomalies were found in the chemical 

compositions or hardness levels of the 

evaluated hubs. 

Case Study Conclusions
SCC has been documented to occur 

in many materials under a wide variety 

of conditions. The use of a systematic 

approach will greatly aid in the correct 

identifi cation of the physical cause of any 

failure, and proper execution of a com-

prehensive failure analysis will greatly aid 

in characterizing the predominant failure 

mode. When SCC is identifi ed as a sig-

nifi cant contributor to a failure, an un-

derstanding of the component material 

properties and service environment will 

help facilitate compilation of appropriate 

and effective corrective measures. 
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FIGURE 8

Etching of the cross-section through the hub revealed a uniform microstructure of intermetallic phases in a matrix of aluminum. The cracks do 
not follow along any of the intermetallic phases in the microstructure.
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