
Corrosion Resistance of Stainless Steel Weldments 

References totalling 113 are cited in discussion relating weldment corrosion 
to metallurgical, chemical and physical changes introduced during welding 
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Introduction 
Stainless steels provide an outstand

ing combination of engineering prop
erties, including excellent weldability. 
Selection of these steels for use in 
corrosive environments is generally 
based primarily on their resistance to 
corrosion in the annealed condition. 
Improper welding practices, or poor 
choice of steel, can raise the corrosion 
rate at or near the weld in certain 
media to levels considerably above 
that for the annealed condition. The 
causes for such increased attack are 
not always well understood. Present 
knowledge on changes in corrosion 
resistance that may be associated with 
the welding of stainless steels has 
therefore been reviewed to indicate 
the problems and to elucidate areas 
most needing further research. 

Corrosion of stainless weldments 
may occur in the weld metal, in a 
heat-affected zone of the base metal, 
or both. Various possible regions of 
corrosion are illustrated in Fig. 1. In 
general, weldment corrosion can be 
related to the metallurgical (struc
tural), chemical, and physical changes 
introduced during welding. 

Metallurgical Factors 
Carbide Precipitation— 
Austenitic Stainless 

Weldments in austenitic stainless 
steels may show susceptibility to inter
granular attack in certain media.1-1° 
In the unstabilized steels such as T304 
and T316. such attack occurs in a 
narrow band parallel to and at some 
distance away from the weld, and is 
referred to as weld decay. In general, 
the attack is associated with the pre
cipitation of chromium carbides at the 
austenite grain boundaries. The loca
tion of the attack corresponds to 

K. E. PINNOW is Senior Research Metal
lurgist. Crucible Materials Research Cen
ter, Crucible Inc., Cole Industries, Pitts
burgh, Pa., and A. MOSKOWITZ is Direc
tor—Technical Services, Crucible Stainless 
Steel Division, Colt Industries, Midland, 
Pa. 

regions that were heated during weld
ing to temperatures from about 1100 
to 1500° F. At these temperatures, 
carbide precipitation is most rapid. 

Many environments do not produce 
intergranular attack of the austenitic 
stainless steels, even when the steels 
contain heavy carbide precipitation. 
Information on environments causing 
intergranular attack in austenitic 
stainless weldments is given in several 
publications.11-14 Attempts have been 
made to generalize on the types of 
solutions that would cause attack 
based on oxidation-reduction poten
tials or other characteristics,15' 16 but 
the picture is not completely resolved. 
More work could be done on this, and 
on relating solution characteristics to 
the features in the heat-affected zone 
that lower corrosion resistance. 

The most widely accepted theory of 
intergranular corrosion in welded 
austenitic stainless steels involves the 
formation of a chromium depleted 
zone at the grain boundaries due to 
chromium carbide precipitation.17-19 

The precipitated carbides themselves 
are not ordinarily attacked. However, 
since they contain more chromium 
than the matrix, their formation re
quires diffusion of chromium from the 
surrounding areas; these areas are 
lowered in chromium and become less 
resistant to attack in certain media. 

Although the theory of chromium 
depletion is generally consistent with 
the experimentally observed phenom
ena, there are questions about its 
validity and alternate mechanisms 
have been proposed.lft' 20' 21 There 
is very little direct evidence of chro
mium depletion, for example, and it is 
difficult to account for the very short 
heating times capable of producing 
sensitization. Furthermore, there is 
experimental evidence indicating that 
the dependence of the susceptibility to 
intergranular corrosion on the time 
and temperature of heating relates to 
the morphology of the precipitated 
grain boundary carbide.22' ^ 

Most of these objections to the 
chromium depletion theory have been 
countered in detail.24 Moreover, a 
recent study of the diffusivity of car
bon and chromium in an 18-8 steel 
has provided a model of chromium 
depletion which can be used to accu
rately calculate the time-temperature-
sensitivity diagram for a steel with any 
chromium and carbon content.25 The 
matter is still of theoretical interest, 
and it is possible that further micro
probe and/or polarization studies 
might provide valuable results. 

Susceptibility to weld decay can be 
effectively overcome by full annealing 
and rapidly cooling the weldment. Un
fortunately, this is not always possible 
with massive components or where 
there is danger of distortion. Alternate 
means involve the use of austenitic 
stainless steel with very low carbon 
contents (T304L, T316L, etc.) or 
with sufficient titanium or columbium 
to "stabilize" the steel by forming 
relatively insoluble carbides (T321, 
T347, etc.). However, other proper
ties of specific alloys may preclude 
such compositional changes. Stainless 
steels with duplex austenite-ferrite 
structure are also reported to be help-
ful.«.10 

Although the austenitic stainless 
steels containing titanium or columbi
um are resistant to weld decay, they 
may become susceptible after welding 
to intergranular attack in a zone 
immediately adjacent to the weld. Ap
parently two types of corrosion can be 
encountered. The better known one, 
which can occur in a number of envi
ronments, is called "knife line attack". 
The other type of attack, which is 
specific to nitric acid and probably 
other highly oxidizing media, is best 
referred to as "fissure attack". In gen
eral, "fissure attack" only occurs when 
the carbon content exceeds about 
0.05%. Both types of corrosion ap
parently relate to dissolving of the 
titanium or columbium carbides dur
ing welding and, consequently, only 

278-s I J U N E 1970 



occur in zones adjacent to the weld 
metal where very high temperatures 
(above 1800° F) are encountered in 
the welding operation. 

"Knife line attack" is caused by the 
dissolving of titanium or columbium 
carbides during welding and the subse
quent precipitation of chromium car
bides at the grain boundaries.8 '28 

Such precipitation does not normally 
occur in the initial cooling of the 
weld, but only during reheating to the 
vicinity of 1200° F as in multipass 
welding, stress relief, or in service at 
elevated temperatures. 

It has been reported that knife line 
attack can be prevented by a "stabili
zation" heat treatment at about 1600° 
F after welding.27-29 This treatment 
is designed to precipitate titanium (or 
columbium) carbides, thereby tying 
up the carbon and preventing precipi
tation of chromium carbides on subse
quent exposure to sensitizing tempera
tures. However, some studies have 
indicated that such a stabilization 
treatment may sometimes be ineffec
tive or even detrimental.11 

The mechanism of "fissure attack", 
which is also called "knife line attack" 
by some investigators, has received 
considerable study.3°-3G Basically, it 
appears to involve the preferential 
attack in nitric acid of titanium or 
columbium carbides, and possibly 
sulfides, that form in the grain bound
aries during welding. The formation 
of these carbides is enhanced by delta 
ferrite which therefore increases the 
sensitivity of a steel to this type of 
corrosion. Fissure attack is unlike or
dinary weld decay in that it does not 
occur in the absence of strong carbide 
forming elements nor can it be reme
died by ordinary annealing treat
ments.10 

Carbide Precipitation—Ferritic Stainless 
As with the austenitic stainless 

steels, welding can increase the sus
ceptibility of the ferritic stainless 
steels to intergranular attack.37^2 

Attack can be produced by a wider 
range of conditions than for the aus
tenitic steels, and has been reported in 
media as mild as tap water.41 In the 
ferritic stainless steels such as T430 
and T446, the attack is immediately 
adjacent to the weld and in some cases 
includes the weld metal. The reason 
for this is that temperatures above 
1700° F are involved in producing the 
sensitized condition. This form of 
weld zone attack has been reported to 
occur only in ferritic stainless steels 
containing more than about 15% 
chromium. Steels of lower chromium 
content such as T410, T416, and 
T409 do not appear susceptible.41 

Susceptibility to intergranular at
tack of the welded ferritic stainless 
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Fig. 1—Regions of possible corrosion of 
stainless weldments: A—general; B— 
base metal; C—weld metal; D—heat-
affected zone (austenitic stainless); 
E—knife line (stabilized austenitic 
stainless), heat-affected zone (ferritic 
stainless) 

steels can be effectively eliminated by 
post-weld-annealing at 1200 to 1500° 
F. The addition of titanium or colum

bium in sufficient amounts will pre
vent attack in acidified copper sulfate, 
but not in more highly oxidizing envi
ronments such as boiling 65% nitric 
acid.38- 42- 43 Lowering both the car
bon and nitrogen contents to extreme
ly low levels (on the order of 
0.003 % ) appears to provide immuni
ty to attack in both of these 
media.40-44 The effects of carbon and 
nitrogen levels are shown in Table 1. 

Several mechanisms have been ad
vanced to account for the intergranu
lar corrosion of the ferritic stainless 
steels. Earlier explanations relate cor
rosion to the formation of a duplex 
austenite-ferrite structure at elevated 
temperature and the subsequent at
tack of the martensite or easily cor
roded carbides formed from the aus
tenite on cooling.37-45 Subsequent 
work has shown, however, that aus
tenite formation is not a necessary 
condition. Susceptibility to corrosion 
appears to relate to the dissolving of 
carbides or nitrides and their subse
quent precipitation in the grain 
boundaries on cooling. 

One proposed mechanism is that 
these precipitates strain the matrix 
adjacent to the precipitate and there
by make the grain boundary area 
susceptible to attack in corrosive solu
tions.38 Annealing at 1200 to 1500° 
F supposedly relieves the stresses and 
corrosion resistance is recovered. An
other proposed mechanism is that in
tergranular corrosion is generally 
caused by the depletion of chromium 
in areas adjacent to precipitates of 

Table 1—Corrosion of 17% Chromium Stainless Steels With Various Carbon and 
Nitrogen Contents in Boiling 65% Nitric Acid42 

Corrosion rate, mdd, in successive 48-hr 
periods after 1 hr of heat treatment at 

Alloy 
270A 

270B 

270D 

271A 

271D 

Carbon, 
% 

0.0021 

0.0025 

0.0044 

0.012 

0.061 

Nitrogen, 
% 

0.0095 

0.022 

0.057 

0.0089 

0.0071 

the 
1450° F 

137 
161 
172 
181 
182 
133 
162 
l'/J 
174 
180 
157 
186 
186 
200 
200 
116 
136 
132 
128 
118 
130 
154 
152 
162 
137 

indicated te 
1700° F 
127 
159 
189 
230 
254 
226 
520 
924 

1390 
1658 

366 
392 
852 

1179 
1329 
195 
420 
696 
861 
925 

mperature 
1900° F 

106 
160 
144 
171 
159 

194 
411 
596 
783 
901 
96 

572 
2712 
3232 
2475 
107 
624 

1827 
2545 
2766 

2100° F 
164 
251 
319 
419 
479 
103 
368 
848 

1121 
1365 

95 
226 
321 
482 
660 
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chromium carbide or chromium ni
tride.42 In the alloys containing titani
um or columbium, the carbide precip
itates themselves may be attacked in 
highly oxidizing media. In this respect, 
titanium carbides appear more suscep
tible to attack than columbium car
bides.43 Of the two proposed mecha
nisms, the latter can account for the 
difference in behavior noted for the 
titanium or columbium stabilized fer
ritic steels in acidified copper sulfate 
and in boiling nitric acid media. 

Thus, it would seem that the basic 
mechanisms responsible for intergran
ular attack in the ferritic stainless 
steels could be similar to those respon
sible for weld decay and "fissure" or 
"knife line" attack in the austenitic 
stainless steels. Observed differences in 
time-temperature conditions leading 
to such attack can be reconciled in 
terms of the lesser solubilities and 
higher diffusion rates of carbon and 
nitrogen in ferrite as compared to 
austenite.42 Additional study of the 
chromium depletion hypothesis is 
needed. 

The ferritic stainless steels may 
grow in industrial importance. They 
have not been used as widely as the 
austenitic stainless steels because of 
such factors as poor corrosion resist
ance after welding, and low tough
ness. Recent technological break
throughs suggest, however, that it may 
be commercially feasible to melt these 
steels to extremely low carbon and 
nitrogen contents.46 The weldability. 
toughness, and corrosion resistance of 
such steels are reported to be excel
lent. Furthermore, these new ferritic 
stainless steels are probably not sus
ceptible to stress-corrosion crack
ing.47 Studies are needed on the cor
rosion characteristics of weldments in 
these new materials. 

Delta Ferrite 
To minimize hot cracking, the com

positions of austenitic stainless weld
ments are generally balanced to form 
a small percentage of delta ferrite in 
the weld metal. Optimum crack re
sistance is reportedly achieved with 
a ferrite content from about 5 to 
10% ,48 Also, a small amount of fer
rite in weld overlay deposits may in
crease resistance to stress corrosion 
cracking. 

Published information indicates that 
the effects of delta ferrite on corrosion 
resistance vary with steel composition. 
In austentic steels and weld filler met
als without molybdenum, delta ferrite 
itself does not appear to reduce cor
rosion resistance in environments in 
which these steels are normally resist
ant.49-51 However, during the slow 
cooling encountered in heavy 
weldments or during thermal stress 

relieving, chromium carbide readily 
and preferentially precipitates in the 
ferrite-austenite grain boundaries. 
Such precipitation is generally not 
harmful when the amount of ferrite is 
small; in this case, the ferrite may 
actually be beneficial in preventing 
a continuous carbide network.20 '52 

However, when sufficient ferrite is 
present (above 10%) to form a con
tinuous network, intergranular corro
sion can result.51 

Preferential attack on the delta fer
rite has been reported in weldments 
made from the molybdenum-bearing 
austenitic stainless steels such as T316 
and T316L.53-56 Thus, there are spec
ifications which severely limit permis
sible ferrite in both the base and weld 
metals, as for urea plant service.56-58 

Attack of the ferrite in these steels has 
been related to the fact that they are 
generally used in more corrosive 
media than are the molybdenum-free 
steels. However, it is not clear wheth
er attack is actually on the ferrite, 
itself. Several studies indicate that 
corrosion associated with the ferrite in 
these steels relates more to carbide 
precipitation or to the formation of 
sigma phase from the ferrite.51' 56 

The control of ferrite content in 
welding can be a difficult matter. 
Aside from the composition of the 
weld and parent metals, the welding 
technique is important.59 The situa
tion is further complicated by the 
difficulty in reliably measuring ferrite 
content in weldments.60 

The corrosion problems associated 
with ferrite in T316 and T316L can 
reportedly be overcome by postweld 
annealing or by other heat treatment.54 

One particular area of interest is 
welded tubing, wherein "full-finished" 
product is cold worked and annealed 
after welding to eliminate ferrite and 
possibly other segregation effects. 
Heat treatments are often impractical 
in the field, and in some applications it 
might be preferable to use fully aus
tenitic weld filler metals. Such filler 
metals increase the likelihood of hot 
cracking, but crack-resistant fully aus
tenitic weld filler metals are being 
developed.61- 62 Increased knowledge 
of environments that cause ferrite at
tack would be useful to indicate appli
cations for which fully austenitic weld 
filler metals should be considered. 

Sigma Phase 
Under some conditions, the welding 

or heat treatment of certain austenitic 
stainless steels such as T316, T316L 
and T321 can produce sigma phase at 
the austenite grain boundaries. Sigma 
phase is an intermetallic compound 
consisting primarily of iron and chro
mium, although it can be enriched 
with other ferrite forming elements 

such as silicon, molybdenum, and ti
tanium. Sigma phase has been report
ed to produce intergranular attack in 
nitric acid and in hot strong (40 to 
80% ) sulfuric acid solutions, but does 
not appear to produce corrosion in 
other media.6- 12' 6 3 - 6 8 It appears 
that sigma is detrimental primarily 
when present below the level of detect-
ability ("submicroscopic sigma"). 

Sigma phase can form more readily 
from delta ferrite than from austenite. 
The ferrite used to minimize hot 
cracking in austenitic stainless can 
thus introduce sigma phase. Sigma 
readily forms from the ferrite in the 
high chromium and molybdenum-
containing austenitic stainless steels 
such as T316 and T309.5 6 '6 9 How
ever, it does not seem to form 
from the ferrite in lower chromium or 
molybdenum-free steels such as T304 
at the temperatures and times encoun
tered in welding or in stress relief.51 

No detailed information was found 
concerning possible sigma phase pre
cipitation in the welding of ferritic 
stainless steels with high chromium or 
molybdenum contents, although the 
possibility of intergranular attack as
sociated with such precipitation has 
been considered.10 Studies on high-
purity low interstitial ferritic stainless 
steels would be of interest. 

The mechanism of the intergranular 
attack produced by sigma phase 
formation is not well understood and 
merits further study. Factors to be 
explained include the detrimental 
effect of agglomeration may relate to 
not in the ferric sulfate or Strauss 
tests, and the general elimination of 
detrimental effects when sigma is ag
glomerated by heat treatment and 
thereby visibly present. It would ap
pear that either a chromium depletion 
mechanism or attack on the sigma 
itself might be involved. 

A chromium depletion mechanism 
has been suggested in several publica
tions.51' 6S The extent of depletion 
should be less than with carbide pre
cipitation, because the chromium con
tent of sigma is lower than that of 
chromium carbide. This could explain 
why corrosion occurs in the Huey 
test, but not in the other less severe 
tests and environments. The beneficial 
effect of agglomeration may relate to 
chromium equalization by diffusion 
during the longer time at tempera
ture. 

With regard to possible attack on 
the sigma itself, sigma has a high 
chromium content and so should resist 
corrosion in many environments. 
However, it is possible that it could be 
attacked in highly oxidizing environ
ments with the formation of chro
mate. This could explain the different 
effects in the various tests. The benefi-
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cial effect of agglomeration could re
sult from its providing discrete sigma 
particles in place of a continuous 
grain boundary network. 

Stress relief could also be involved 
in the beneficial effects of agglomer
ation. It has been proposed that 
stresses associated with precipitation 
of sigma in ferrite might be responsi
ble for "knife line attack" in the ti
tanium stabilized austenitic steels.70 

Chemical Factors 
Chemical changes occuring in the 

welding of stainless steels can affect 
corrosion resistance. The changes 
relate primarily to dilution or alloying 
produced by dissimilar weld filler and 
base materials, and to reactions with 
the slags or atmospheres used in weld
ing. There can also be segregation 
effects in the weld metal.71 '72 Im
proper dilution has caused corrosion 
of stainless weld overlays. In such 
cases, composition heterogeneity and 
insufficient alloy content seem to be 
the principal causes of attack.73 '74 

Weld dilution would also seem to be 
an important factor affecting the cor
rosion resistance of welds in stainless 
clad materials.7576 In both cases, cor
rosion is related to welding procedure 
and the choice of electrode material, 
and can probably be avoided by im
proved welding techniques. 

The atmospheres present during 
welding can be the source of several 
changes in composition. Carburization 
by carbon dioxide in certain welding 
gases or by carbon pick-up from cov
ered electrodes is detrimental, al
though such carburization has ap
peared hazardous only in multipass 
weldments or in weldments which are 
thermally stress-relieved after weld
ing.77' 79 It might be more of a 
problem in ultra-pure ferritic steels; 
research on this would be helpful. In 
these steels, very low carbon (and 
nitrogen) contents are essential for 
weldment corrosion resistance. 

Oxidation can cause loss of chromi
um and of stabilizing elements such as 
titanium from the weld metal.80 In 
addition, it can produce surface chro
mium depletion in the heat-affected 
zone.81 Descaling alone may not be 
sufficient to prevent corrosion in such 
cases inasmuch as the chromium-
depleted base material also needs to 
be removed. Chromium depletion pro
duced during welding would be partic
ularly significant with the ferritic 
stainless steels of low chromium con
tent.82 

Nitrogen pick-up could conceivably 
produce corrosion in the heat-affected 
zone of ferritic stainless steels where it 
is known to increase the susceptibility 
to intergranular attack. Investigations 

with the ultra-pure ferritic stainless 
steels would be of particular interest. 
Nitrogen pick-up in austenitic stainless 
weldments does not appear particular
ly harmful, aside from the risk of 
porosity. This is because of the rela
tively high solubility of nitrogen in 
austenite. However, nitrogen can 
combine with stabilizing elements such 
as titanium and thereby reduce their 
effectiveness. 

Slags from electrode coatings used 
in welding can also be significant sour
ces of weld corrosion. Incomplete slag 
removal after welding is reported to 
cause attack of nickel base materials 
and of the molybdenum bearing aus
tenitic stainless steels during high tem
perature service and in heat treat
ment.83-85 Fluoride contamination 
from welding slags may also cause 
intergranular attack.86 

In considering chemical factors, it 
should be noted that there can also be 
galvanic interactions between adjacent 
metals of unlike composition.87 '88 

Such galvanic effects would tend to be 
detrimental to the less corrosion resist
ant material and protective to the 
more resistant one. For example, the 
use of an improperly chosen weld 
filler metal with less corrosion resist
ance than the base metal could give 
rise to significant galvanic corrosion in 
some environments. Compositional 
differences could also arise through 
dilution, segregation, reactions with 
environment, etc. 

Physical Factors 
Physical factors such as weld geom

etry and residual stress can significant
ly affect the corrosion resistance of 
stainless weldments. Weld geometry is 
controlled by the method of welding, 
although technique and workmanship 
are important variables. Undercut
ting, mismatch, and other related de
fects can cause severe crevice corro
sion, even though the welds are other
wise sound and free of undesirable 
metallurgical effects.89 Weld rein
forcement (excess weld metal) may 
also produce crevice corrosion, and 
may otherwise contribute to corrosion 
by trapping or retaining surface cor
rodents. For this reason, weld rein
forcement is almost always removed 
from the process side of tanks and 
other chemical apparatus. Removal of 
weld reinforcement can be costly, how
ever, and information on when it is 
necessary would be useful. 

Residual stresses introduced during 
welding can increase the susceptibility 
of austenitic stainless weldments to 
stress-corrosion cracking.90 Such 
cracking of welded apparatus has been 
considered in detail.91 Corrective 
measures generally involve the use of 
materials more resistant to stress cor

rosion, changes in operating condi
tions, or elimination of unfavorable 
tensile stresses. Austenitic stainless 
steels with higher resistance to stress 
corrosion cracking have been de
veloped, but are generally expensive 
because of high nickel content.92-95 

With certain of these alloys, it is also 
difficult to avoid carbide precipitation 
during welding. 

Unfavorable residual tensile stresses 
can be reduced either mechanically, as 
by shot peening, or by thermal stress 
relief. Studies have been reported on 
the use of vibrational methods to re
lieve stresses; the effectiveness of such 
methods is not fully resolved.96-98 

Heat treatment of the austenitic stain
less steels should be conducted care
fully so as to avoid adverse affects on 
mechanical properties and corrosion 
resistance by possible carbide or sigma 
phase precipitation. Stress relieving of 
the stainless steels has been reviewed 
extensively.91' " - 1 0 2 

Ferritic stainless steels are generally 
immune to stress corrosion cracking, 
although they may become susceptible 
at certain critical nickel or copper 
contents.103 The new high-purity fer
ritic stainless steels now being com
mercially developed may provide a 
practical solution. 

Test Methods 
Numerous tests have been proposed 

for evaluating the susceptibility of 
stainless steels to intergranular at
tack.10. 53' 104 -107 Corrosion of stain
less weldments is most often inter
granular in nature. For this reason 
these tests together with appropriate 
specimens are often used for quality 
control or to predict whether welding 
will increase susceptibility to corrosion 
in service. Most widely used are the 
boiling nitric acid (Huey), the acid
ified copper sulfate (Strauss or Had-
field), the ferric sulfate-sulfuric acid, 
the nitric-hydrofluoric acid, and the 
oxalic acid etch tests. 

Some of these tests are sensitive to 
other factors in the steels as well as to 
intergranular carbide precipitation. 
For example, sigma may lower the 
corrosion resistance of T316 in boiling 
nitric acid, but not in other environ
ments. Thus, the Huey test is not 
appropriate for determining whether 
welded T316 will be satisfactory in 
general field service. The ASTM has 
therefore proposed a test sequence 
based on steel compositions.108 Elec
trochemical tests have also been used, 
but as indicated earlier there are ques
tions concerning their validity as used 
thus far. 

Corrosion test results in any one 
chemical environment may not corre
late with those in other environments. 
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For example, the effects of certain 
compositional or structural features 
can even be, in effect, unique to one 
environment. Thus consideration must 
be given to how valid results in any 
one test are in relation to a variety of 
service environments.11-13-109 'U0 

To simulate the metallurgical 
effects produced by welding, speci
mens for accelerated laboratory test
ing are often heated isothermally for 
short periods of time at a temperature 
in the 1100-1300° F region. This 
procedure is based on the assumption 
that the resistance to isothermal sensi-
tization is an accurate indication of the 
tendency for carbide precipitation 
during welding. Such treatments in 
terms of actual weldment behavior 
are generally overly severe as illustrat
ed in Table 2, but nevertheless appear 
useful for quality control.T.11.110-112 
Welded samples have also been used, 
but it is difficult to rate their corrosion 
resistance quantitatively. 

Data have been developed indicat
ing the maximum heating times in the 
sensitization range for steels of differ
ent compositions to remain resistant 
to intergranular corrosion.1 0 'm Such 
information, when combined with 
data on the exposure times to certain 
temperatures in the heat-affected zone 
of weld joints, could be useful for 
steel selection. This quantitative ap
proach should receive greater study. 

Intergranular corrosion in the ac
celerated laboratory tests can be as
sessed in various ways. Bend tests, 
"ring" tests, and microscopic tests are 
generally employed to provide qualita
tive data. Weight loss, electrical resist
ance, and eddy current measurements 
provide quantitative information. All 
these approaches are satisfactory with 
laboratory sensitized samples but are 
more difficult to apply to actual 
weldments. Electrochemical means 
for evaluating the corrosion of welded 
joints are being studied.88' 113 

Conclusion 
A comprehensive review of present 

published information on corrosion of 
stainless weldments indicates both that 
much has been done and that there 
are still important areas that could 
usefully be investigated. Most of the 
problems that can arise, and the 
procedures to avoid them, are reason
ably well understood. Among the met
allurgical factors, the most extensively 
documented area is that of sensitiza
tion of austenitic stainless steel (car
bide precipitation); less has been done 
on sensitization of the ferritic stainless 
steels. Information on ferrite and sig
ma is not particularly thorough. On 
chemical and physical factors, there is 
much applicable information de-

Table 2—Comparative Severity of 
Welding and Heat Treatment in 
Causing Intergranular Corrosion of 
Various Stainless Steels" 

Type 
316L 
316 
317 
318 

302 
304 
304L 
321 
347 

Number 
interg 

Welded 
0 
1 
6 
1 

15 
1 
0 
6 
1 

of racks showing 
ranular attack" 

Heat treated1' 
11 
15 
22 
21 

19 
10 
5 

12 
13 

• Racks (24 specimens) exposed to a num
ber of actual service environments for t imes 
ranging from 30 to 1600 days. 

b Specimens heat treated for 1 to 4 hr at 
1100 to 1250" F. 

veloped in work not specifically aimed 
at welding. The problem here would 
seem to be more in "translating" 
available information rather than in 
performing new research. 

In regard to areas for investigation, 
work such as the following should be 
worthwhile: 

1. Perform research aimed at de
veloping a consistent overall "theory 
of sensitization" for austenitic stainless 
steels. Local changes in chemistry and 
structure in the steel weldment should 
be related to the corrosive character
istics of environments that produce 
intergranular attack. A combination 
of microstructural, microprobe, and 
electrochemical approaches might be 
applied. Quantification of carbide pre
cipitation in terms of alloy composi
tion and thermal conditions would be 
useful. Aside from surprising new re
sults that might develop from such 
work, the findings should permit gen
eralization on environmental factors, 
and lead to the development of new 
and improved testing procedures. 

2. Attempt to determine the 
mechanism of intergranular attack in 
the heat-affected zone of ferritic stain
less steels. Explore the extent of im
munity of ferritic steels with extreme
ly low carbon and nitrogen contents 
and determine the effects of increasing 
the level of these elements. 

3. Perform studies to clarify the 
role of delta ferrite in relation to 
weldment corrosion. Determine the 
composition and electrochemical 
characteristics of the ferrite compared 
to those of the austenite, including 
work with different austenitic com
positions. Study the effects of varia
tions in the quantity and morphology 
of the ferrite. Determine whether cor
rosion relates to the ferrite itself, to 
carbide precipitation from the ferrite, 
or to sigma. Develop information 
aimed at formulating generalizations 

relating to the nature of corrosive 
environments. 

4. Study the relationship of com
positional changes in welding to cor
rosion resistance, particularly with 
relatively low-alloy materials and with 
high-purity ferritic steels. With the 
low-alloy steels, modest losses in chro
mium as from oxidation could be 
important. With the high-purity ferrit-
ics, weldment corrosion resistance 
might be seriously affected if carbon 
or nitrogen pick-up occurred in cer
tain types of welding. 

5. Perform research on the origin 
and magnitude of residual stresses as
sociated with various methods and 
techniques of welding. This work 
would involve the development and 
application of methods for accurate 
stress determination. Study the effec
tiveness of possible methods to relieve 
stresses, with the aim of developing 
methods that do not involve other 
complications such as carbide precipi
tation. Attempt to quantify the rela
tionship of residual stress level to sus
ceptibility to cracking in service. 

6. Develop standard methods for 
testing weldment corrosion resistance 
that could be used for alloy develop
ment and for determining suitability 
of any alloy in service environments. 
Work on methods involving both 
isothermal treatments and actual 
welding. With welding, determine how 
the welding should be done and how 
test results should be quantified. De
termine whether a limited number of 
test solutions could represent a wide 
range of service environments. The 
previously suggested quantification of 
carbide precipitation, in association 
with thermal studies in welding, would 
permit interpretation of test results in 
relation to service conditions. 
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and compared with the theoretical re
lationship. 
• Ilyushenko, V. M. et al.: Antifric
tion properties and wear resistance of 
leaded tin bronze overlays (28-31).— 
The wear resistance and the coefficient 
of friction of leaded tin bronze over
lays were determined. An anti-friction 
alloy with optimum composition was 
selected for the fabrication of bimetal
lic heavy duty bearings. 
• Volchenko, V. N.: The classifica
tion of welding processes (32-38).—• 
Welding is defined as an irreversible 
t h e r m o d y n a m i c process associated 
with local changes in the state of mat
ter and of energy. The author bases 
his classification of the welding proc
esses in the fundamental concept of 
energy. 
• Kakhovskii, N. I. et al.: Welding 

of Cr-Ni-Mo single-phase austentic 
steels (39-43).—The effect of manga
nese and nitrogen on the cracking re
sistance of fully austenitic welds has 
been studied. The nitrogen-containing 
Cr-Ni-Mn-Mo wire EP 690 and the 
ANV-17 electrodes were developed 
for welding the Okh 17 N 16 M 3 T, 
00 kh 17 N 16 M 3 B and 000 kh 
16 N 15 M 3 steels. They give weld
ed joints of uniform strength, uniform 
corrosion resistance and sufficiently 
high ductility and toughness of the 
weld metal. 
• Nikhinson, Yu. I et al.: Welding 
of the T-16M automotive chassis 
frame (44-46).—The results of de
veloping a procedure for welding high 
carbon 45L steel are reported. It is 
recommended to complete the weld in 
two passes without preheating. 

• Zhukov, V. V.: Welding gold to 
Kovar with the laser beam (47-48).— 
It is shown that gold contacts and 
current-carrying elements made of 
Kovar can be successfully joined by 
welding with the laser beam and that 
the resulting joints are of high quality. 
• Rudzit, R. B. and Kaleis, M. A. 
Effect of the dynamics of the com
pression mechanism on the heat con
centration in the percussion welding 
of T-joints (49-52).—The percussion 
welding of T-joints between bars and 
plates by the use of a compression 
mechanism with different dynamic 
properties was investigated. It is 
shown that the heat concentration at 
the point of contact can be controlled 
by varying the free acceleration of the 
electrode. 
• Cherednichok, V. T. et al.: Spe
cial features of rod-to-plate joints pro
duced by flash welding (53-56).—The 
interdependence of the parameters 
which are characteristic of the upset
ting process in making T-ioints and 
the properties of the resulting welds 
were studied. 
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