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SHIP FAILURES of the kind that have 
become all too freguent in recent years 
began, as is well known, with the in­
troduction of welded hulls to replace 
the older and relatively trouble free 
riveted structures. It is apparent that 
some structural advantage offered by 
riveting was lost when welding was 
adopted; a loss so great that the ample 
factor of safety intended by the de­
signers was reduced to less than unity. 

One source of loss is the recognized 
ability of riveted joints to distribute 
the stress from otherwise concentrated 
loads by local plastic yielding of holes 
and rivets. Such adjustment of stress 
is not possible when adjacent plates 
are fused by welding. Load concen­
trations are inevitable and, when these 
loads act in the same direction as ex­
ternally applied loads, the local resid­
ual stress may become very great. 

Brittle Structural 

With Emphasis 

Another and more general loss of 
strength arises from~ the residual 
stresses that are developed by welding. 
In joining two plates, the weld metal 
together with a considerable volume 
of metal on either side of the weld is 
heated to a high temperature and, be­
ing restrained by adjacent cold metal, 
cannot expand but must adjust in 
length by plastic compression to that 
of the cold metal. When the weld is 
completed and the metal cools, it seeks 
to contract. But being still restrained 
by the adjacent unheated metal, the 
cooling metal is residually stressed in 
biaxial tension with correspondin£ 
compressive stress in adjacent plate 
areas. Measurements indicate that th i, 
biaxial residual tensile stress developed 
by local heating may equal the st:itic 
yield stress of the steel. 

Both of these dangerous residu:il 

stress systems, of course, may possibly 
occur in areas where stresses from ex­
ternal loads are concentrated ;_o cre:ite 
:in extra vulnerable structure. 

The manner in which residu:il 
stresses decrease or increase th··· 
strength of a structure is not easi ly 
demonstrated by convention:d bhor.,­
tory tests. Long practice has shm,·n. 
however, that it is desirable- to ruil ,•, 
the magnitude of wc·lJin!.: , 1r· -- ·: , . 
The purpose: of the , .:: , vr.d ,t , .. -, r•.·­
Jieving oper:iuon, 111 t 11 :1111, ll1 u0 •. i-; 

sometime, to rul u,:.: wu11:1.:.:(: : -ur. 
more o i"t cn. 1, , j'r",i ucc· .1 , trc,:, :.:c-r 
, rructurc. 

In wdJ in.!.: ust iron, pre-hu:i n.:: 
of th e- c.1,1 in.!.: i, u,uJIJ)' necess.ir1· 1.-, 
:i ,·o iJ spont:incous cracking. Prc:-hc.11 -
in.r rc.- <lucc.-~ the residual tensile m e,, 
in the vicinity of the weld because 
the· rc.-mpcrature gradient between the: 
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Service experiences and results of pertinent experiments to support the theory that 

welded structures fabricated from ductile steel fail by brittle fracture. Data show 

that susceptibility to the several common c~uses of brittle fractures in ductile metal 

such as fatigue, stress corrosion cracking, and biaxial tension can be reduced by th1~ 

development and retention of residual compressive stress in vulnerable areas. Simple 

and inexpensive methods for reducing harmful residual stresses. Since welded ships 

are fabricated from ductile steel and the fracture origins of failed ship plates are 

brittle in character, ship failures are suspected of developing from several causes. 

Fig. 1-Prestressing gear teeth by air 
hammer peening developed sufficiem 
residual compressive stress to avert 
further tooth failure in a 12 foot 
diameter cast steel mining hoist gear. 

hot ~nd cold metal is reduced. Many 
weldtid . production items, including 
complet!! locomotive frames, are "stress 
relieved by oven·heating after weld­
ing. ··_Practical "stress relieving" by 
1=1niform heating does not, of course, 
eliminate residual stresses but they 
can qe reduced to equal the yield stress 
of the.:metal of the annealing tempera­
tures. Neither pre-heating nor an· 
nealing . appears practical in large 
struc;ture$ such as ships. 
. Local st.ress relieving is often prac­

t!ced by ttxperienced welders. In its 
simplest form this operation consists 
of striking the weld near its end with 
a hammer after the weld has become 
black . . The effect is to induce a tem­
porary J1tate of residual compression by 
plastic deformation, thus reducing the 
final residual tension below the spon· 
taneous fracture level. 

Shot Peening Rockwell 
Peened lmensity Ha;dness\ Hi~o psi 

No D53 178.o'. 

Yes 0.008·0.0IOA! 

No _ :.:.; J. · 

Yes 0.007-0.009Al >, D48 
... /\'.:\·~.; 

No --,· 
Yes . 0.007-0.009Al " '.'o46 

' .. ,, ., 
No D53 
Yes 0.007-0.009A ~,?(. 051_ ·, :) ~54.~ · 



LABORATORY TESTS INADEQUATE 
Attempts to measure the effects of 

residual stresses by conventional lab­
oratory tests cannot succeed because, 
regardless of the magnitude and ori­
entation, such stresses have little or 
no effect on the static tensile or impact 
strength of ordinary structural materi­
als. The reason is that, since ordinary 
materials are ductile, sufficient general 
yielding occurs during laboratory tests 
to dissipate any residual stresses that 
may originally have been present in 
the region of the specimen where 
fracture is initiated. As long as they 
are judged by conventional static tests, 

the true significance of the effects of 
residual stresses will be misunderstood. 

Many ~tatic tests have been made 
to compare the yield strength and 
tensile strength of normal specimens 
not prestressed and specimens ore­
stressed by shot peening. The res.ults 
of a few such tests made by Consoli­
dated Vultee Aircraft Company (Ref. 
1) in cooperation with the Research 
Laboratories Division of the General 
Motors Corporation are given in Table 
I. In the several pairs of specimens 
tested, there is no significant differ­
ence in ultimate tensile strength or 

in yield strength, and the differences 
in elongation are no greater than may 
be expected from any two specimens 
of similar material and heat-treatments. 

It is probable that the surfaces of 
all tensile specimens are residually 
stressed in compression whether or not 
they are intentionally prestressed. 
Measurements of residual stress in ten­
sile specimens (Ref. 2) that had been 
loaded slightly above their elastic lim­
its showed the surfaces to be stressed 
in compression as a result of greater 
plastic extension of their surfaces than 
of their cores. 

SPECIMENS UNAVOIDABLY PRESTRESSED 
Numerous comparisons have also 

been made between the strength of 
shot peened and non-peened impact 
specimens, which included gun parts, 
carburized starter gears, and standard 
laboratory specimens of the bending 
and torsional types. In all these speci­
mens, the applied stress caused suffi­
cient local yielding to dissipate the 
residual stress induced by peenin_g. 
One series of four Charpy keyhole 
specimens made of SAE 4640 steel 
was heat-treated to give Rockwell C 
32-36 hardness, tensile strength 148,-
000 psi, reduction of area 54 percent, 
and elongation 19.5 percent. As 
would be expected, none of these 
specimens showed significant changes 
that resulted from shot peening be­
cause sufficient plastic yielding pre­
ceded fracture to dissipate the residual 
stress induced by peening. The angle 
of swing for each of the two non­
peened Charpy specimens was 116 
deg and for the shot peened Charpy 
specimens the angles were 115 to 
116.5 degrees. 

New systems of residual stresses are 
developed in tensile specimens during 
tests, as has been described, because 

plastic deformation is not uniform 
with respect to strain through the de­
formed section. A similar effect is no 
doubt observable in impact specimens, 
but since these new stresses result from 
the test loads and not directly from 
stress initially in the material, they will 
not be discussed further. 

Due attention must be given, how­
ever, to any increase or decrease in 
initial residual stress by plastic yielding 
under normal loads or occasional over­
loads occurring in service. Such changes 
can and do result in deterioration or 
improvement of structure strength. 

More precise knowledge of material 
behavior than is afforded by the usual 
laboratory tests is required in the de­
sign of structures in which material 
must be used efficiently such as air­
craft and automobiles, or in which fac­
tors of safety are dissipated by fabri­
cation processes such as in weldrrl 
ships, or in which favorable residual 
stresses are lost and unfavorable resi­
dual stresses are developed by service 
deterioration such as in railroad rails 
and wheels. Such structures are char­
acterized by more or less frequent 
failure in service, even though the ma-

terial conforms to the most rigid speci­
fications. 

When the strength of materials is 
measured by tests in which plastic 
flow approaches zero, residual stresses 
are partially or entirely retained and 
their effects approximate the effect of 
stresses from external sources having 
the same magnitude and direction. Un­
der low plastic yielding, therefore, the 
original residual stresses that are re­
tained will increase or decrease the 
effective strength of a structure, de­
pending mainly upon whether their 
tensile components act in the same or 
in the opposite direction to the tensile 
stresses from the external loads. 

Accelerated fatigue tests in which 
fractures develop in less than 100,000 
load applications usually mean that the 
test stresses are so great that exten­
sive plastic yielding occurs. Such tests 
cannot be used to evaluate residual 
stresses resulting from prestressing 
operations because under reversed 
loading much or all of the prestress is 
lost, while under unidirectiorful"'load­
ing the favorable residual stresses are 
increased somewhat as occurs fo static 
strength tests. 

SOURCES OF RELIABLE DATA 
Data from arbitrary laboratory tests 

on arbitrary specimens are not only 
unreliable, but little confidence can be 
placed on data from so-called "simu­
lated" tests. Service conditions cannot 
be reproduced in the laboratory even 
though the specimens are faithful 
copies of full scale structural elements. 
It is axiomatic that nothing can be 
learned relative to the ultimate strength 
of any particular structure, except from 
tests to failure. 

The only source of reliable data is 
the "scrap pile". There, first hand 
studies may be made of true service 
failures in complete structures and un­
der actual service operating conditions. 
"Scrap pile" data include the results 
of all manner of mistakes, accidents, 
and random experiences. The realistic 
interpretation of such data is the most 
fruitful source of new discoveries in 
engineering processes and of new 
knowledge for testing the validity of 

machine design formulas. It is in the 
scrap pile where clues are found that 
lead to the solution of mahy vexing 
problems and the foundations for 
more accurate theories. 

Unfortunately, little use' is made 
of the most productive source of reli­
able data. Instead, remedies for service 
troubles are almost invariably sought, 
at great expense, in laboratories 
through unreliable and misleading 
"simulated" tests. 
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SHIP FAILURES ARE BRITTLE FAILURES 

Studies seeking to determine the 
causes of and remedies for the numer­
ous catastrophic failures that have oc­
curred in welded ships have followed 
conventional laboratory methods. Test 
procedures have been based on errone­
o~ concepts of causes of failure and 
little if any realistic correlation has 
been r_u}ttempted between competent 
field observation and laboratory tests. 

In the absence of data that could 
have been accumulated by trained ob­
servers, it is necessary for those who 
seek to prevent' failures of welded 
ships to base their diagnosis on service 
and laboratory failures of other struc­
tures having similar characteristics. 

Structural materials in the ordinary 
range oJ ductility fail by brittle frac­
ture (lo'K plastic yielding) when suh­
jected to certain conditions that often 
prevail in service. These conditions 
are: ( 1) Repeated load (fatigue) : 
( 2) biaxial and triaxial tension; ( 3) 
simple tension in corrosive environ­
ment (stress corrosion cracking) ; and 
( 4) tensile loads across sharp notches. 
In such situations residual stresses, de­
pending upon whether they are tensile 

or compressive, can increase or de­
crease the effective stress tending to 
cause failures. · 

Ships and other welded structures 
are fabricated from ductile steel and 
since the fracture origins are brittle 
in character, their failures are· sus­
pected of developing from one or more 
of the foregoing enumerated causes. 

Tensile fractures in SAE 4340 steel 
specimens heat-treated to hardness 
32-36 Re are shown in Fig. 2, (Ref. 
3) . The two specimens at the left 
were subjected to a static tensile stress 
and show extensive plastic yielding 
prior to fracture. Any residual stress 
in these specimens prior to testing 
would, of course, have been dissi­
pated before fracture. The specimen 
strength would therefore be substan­
tially the same whether or not they 
had been residually stressed. The two 
specimens at the right in Fig. 2 also 
show tensile fractures, out these were 
subjected to repeated tensile loads 
ranging from 32,000 psi nominal 
minimum stress to 150,000 psi nomi­
nal maximum stress. 

The bar chart Fig. 3 gives the re-

suits of pull-pull fatigue tests on 0.187 
in. dia non-peened and shot peened 
SAE 4340 steel specimens hardened 
and tempered to 33-36 Re hardness. 

These specimens were subjected to a 
calculated stress cycle of plus 32,500 
psi to plus 150,000 psi. This maximum 
stress, which is slightly less than the 
static yield strength of the steel, was 
selected to assure that the peened speci­
mens would fail in a short time. As 
stated in a previous article (Ref. 4), 
such short duration fatigue tests re­
quire the application of stresses well 
above the dynamic elastic limit. 

As shown in Fig. 3, the cycles to 
failure in the group of non-peened 
specimens ranged from 25,000 to 
320,000; the plastic extension averaged 
0.0005 inch. 

Plastic yielding, however, was not 
sufficient to dissipate the residual com­
pressive stress induced in the surface 
of the ten specimens that were sub­
jected to a light peening with chilled 
iron shot of 0.006 to 0.008 in. dia. 
The cycles to failure of four of these 
specimens ranged from 1.500,000 to 
more than 2,500,000. The ,greater 



average fatigue durability of these 
specimens indicates the retention of 
some of the original residual com­
pressive stress. 

Lest this increased fatigue durabil­
ity should be attributed to work hard­
cning by the peening, note that more 
intense peening, and therefore greater 
work hardening, did not increase the 
fatigue durability of the specimens in 
groups three and four. The lesser 
effect of more intense peening appears 
to result · from the greater loss of the 
residual compressive stress induced by 
the peening because, as the depth of 
the compressively stressed peened layer 
is increased, the residual tensile stress 
in the core is necessarily increased and 
the core area is decreased. As a result, 
plastic extension of the core increased 
and surface residual compressive stress 
d::creasc:J under the same applied load. 

(A) 

(8) 

Fig. 4-Specimens, which were residually stressed by the dies in forming, used in 
studying season cracking in brass. (A) Non-peened brass case failed in 2t hours in 
ammonia atmosphere. Stress corrosion cracking occurs only in tension stressed areas. 
(B) Undamaged lightly peened case after 100 hours exposure in ammonia at­
mosphere. Cracking is prevented when thin surface layer is compressive))' stressed. 

SEASON CRACKING OF SHELL CASES 

The brass cups shown in Fig. 4 are 
specimens that were used in studies 
to obtain a remedy for brittle cracking 
of shell and cartridge cases. The Re­
search Laboratories Division of the 
General Motors Corporation; the Bu­
reau of Ordnance, Navy Department; 
and the Springfield Armory (Ref. 5 
and 6) cooperated in these studies. 

These cups were residually stressed 
by the forming dies. Brittle fracture 
developed in the non-peened speci­
men, Fig. 4(A), after exposure in an 
ammonia atmosphere for 2} hours. 

That this strtss corrosion cracking 
(known as "season cracking" when 
occurring in brass) resulted from re­
sidual tensile stress is shown by the 
protection afforded the specimen, Fig. 
4(B) , by light shot peening. The thin 
layer of compressively stressed metal 
developed by the peening prevented 
failure although this cup was exposed 
in an atmosphere of ammonia for 100 
hours. 

This experiment was repeated many 
times with fracture occurring also in 
peened cups but only after prolonged 

exposure. Reason for failure was non­
uniform peening; overpeening one 
portion of a cup developed tensile 
residual stress in some other region. 
When only one surface was peened 
fracture always developed in the un­
peened surface. 

Shot peening also prevented accel­
erated season cracking on unused shell 
cases, but the protective residual com­
pressive stress was lost by the stress 
and heat of subsequent firing, after 
which the cases were again subject to 
season cracking. 

STRESS CORROSION CRACKING OF MAGNESIUM 

Shot peened and non-peened mag­
nesium specimens have been tested to 
compare their resistance to stress cor­
rosion cracking (Ref. 7 and 8). These 
tests were a part of a cooperative in­
vestigation by the Research Labora­
tories Division of the General Motors 
Corporation •.nd the Aluminum Com­
pany of Ametica. The specimens were 
of the strip form shown in Fig. 5. 
They were notched at the ends and 
were longer than the distance between 
the end lugs of the I-shaped magne­
sium holder, so that when assembled 
in the holder the strips were stressed 
in bending. The holder together with 
a non-peened and a peened specimen 
was immersed in a solution of 20 
grams potassium chromate and 35 
grams sodium chloride per liter of 
water and time to fracture measured. 

The lower specimen, Fig. 5, which 
had been shot ·peened with small glass 
spheres, was still intact after twelve 

Fig. ;-Strip specimens and holder used in studying stress corrosion. 
Non-peened upper specimen failed in two minutes in sale solution. 
Stress corrosion cracking occurs only in tension stressed areas. Peened 
lower specimen is undamaged after twelve days in salt solution. Crack­
ing is prevented when thin surface layer is compressively stressed. 



days immersion. The non-peened up­
per specimen failed from a crack origi­
nating on its tensile stressed surface 
after two minutes in the salt solution. 

It should not be assumed that the 
peened specimen was better than the 
non-peened by the ratio of 12 days to 
2 minutes. The yield stress of mag­
nesium under prolonged strain is in­
definite, therefore, the effective peen­
ing stress decreased by plastic creep 
of the underlying metal. It was neces­
sary to immerse the stressed specimens 
within a reasonable time after assem­
bly in the fixture because, if too long 

dc:bycd, enough of the: peening stress 
was lost by plastic creep to interfere 
with the experiment. 

Because of the creep characteristics 
of magnesium, and to a lesser degree 
aluminum, shot peening is not an 
effective preventive against (tension) 
stress corrosion cracking when these 
metals are tested under conditions of 
constant load, instead of constant 
strain as described for this experiment 
in 'Y.liich the magnesium strips were 
subjected to bending in the holder. 
When tested under constant load, the 
stress remains unaltered regardless of 

creep; whereas under constant strain, 
the stress decreases with creep. Under 
sustained load the protective compres­
sive stress induced by peening is soon 
lost, and as creep continues the vulner­
able surfaces become stressed in ten­
sion whereupon cracking proceeds as 
if peening had not been applied. · 

This experiment, supported by many 
similar ones, shows that stress corro­
sion cracking, which is in fact tensile 
corrosion cracking, is prevented as 
long as the magnesium surface is pro­
tected by a thin layer of comprcssivdy 
stressed metal. 

STRESS CORROSION FAILURES IN STEEL 

Similar accelerated stress corrosion 
experiments comparing peened and 
non-peened mild steel specimens and 
stainless steel specimens have been 
made by the Illinois Institute of Tech­
nology in cooperation with the Re­
search Laboratories Division of Gen­
eral Motors Corporation. 

These specimens were heat-treated 
after being bent to the form shown 
in Fig. 6. A number of specimens 
from each of several groups were thrn 
shot peened, after which test loads 
were applied by tie bolts adapted to 
bend the arms of the U-specimens 

r : , ~ - · , - -. ,2 ~· 

4:£4~~ f L J 1 :.:/ , ,+, I 

toward one another, thereby stressing 
the outer surfaces in tension. 

MILD STEEL SPECIMENS. The test 
loads in percent of static yield stress 
for each of the mild steel specimens 
(Ref. 9) are given in Fig. 7. The 
length of the respective bars indicate 
the relative time required to fracture 
the loaded peened and non-peened 
specimens when immersed in a boiling 
solution of 

Ca(N30) !! 4H20 1800 gm 
NH4N03 100 gm 
Distilled water 1200 gm 

3 4 1 

j .LL11-__ ~ 8 

"' .... 
:, 
0 

6 ..c:_ 

.& 
Fig. 6-Form of specimens used to study stress 
corrosion failures in steel. Specimens were heat­
treated after being bent to the form shown. Test 
loads were applied by tie bolts that bent the 
arms of the U-shaped specimen inward, thereby 
stressing the outer surfaces in tension. 
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Fig. ,-Relative durabilities of mild steel U­
spe::imens when immersed in a boilin<> solution 
of.. ammonium nitrate, calcium nitrate~ and dis­
tilled water. The length of the respective bars 
indicate the relative time required to fracture 
the loaded peened and non-peened specimens. 

Stress, percent 
of estimated 
tensile strength 
Number of 
crocks observed · 

Steel, ostm. 

Yield point, psi 

10 4 3 

Low carbon 
Bessemer . 

78,700 

STAINLESS STEEL SPECI:MENS. In test­
ing the peened and non-peened stain­
less steel specimens (Ref. 1 O), the 
following test solutions for the cor­
responding groups of specimens 
shown in Fig. 8 were used: 
Group A. 60 percent hydrated mag­
nesium chloride, no acidification, pH 
5.4, boiling point 114C. 
Group B. 60 percent hydrated mag­
nesium chloride, acidified with 1.5 
percent citric acid pH3, boiling point 
114C. 
Group C. 60 percent hydrated mag­
nesium chloride, acidified daily with 
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A89 AIO A212 

69,600 99,400 103,500 

* Tie rod foiled; specime; re/ooded 
Note: Specimens examined every 12 hours during test 



N/10 hydrochloric acid to pH 2.2, 
boiling point l 14C. 
Groups D and E. 42 percent anhy­
drous magnesium chloride, no acidifi­
cation, boiling point 140C. 

One half of the shot peeneJ speci­
mens in each of the five groups A to E 
were peened after the external stress 
was applied by tightening the tie bolts 
( strain peening) and in the remaining 
half the external stress was applied 
after peening. The nominal test stress 
in all specimens was calculated to be 
90 percent of yield stress. SAE steel 
30915 was used for all specimens ex­
cept those in the E group, which were 
of SAE 30805 steel. The relative dura­
bilities of the specimens are indicated 
in chart, Fig. 8. 

Strain peening was not more effec­
tive in resisting stress corrosion crack­
ing in these statically loaded specimens 
than normal peening, because either 
process provided a "skin" that was 
residually stressed in compression and 
therefore impervious to intergranular 
corrosion. Under greater external 
static loads or in fatigue, strain peen­
ing (Ref. 11) can be superior to nor­
mal peening because the greater resi­
dual compressive stress will counteract 
greater applied tensile stresses when 
the latter are unidirectional or biased. 
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Fig. 8-Relative durabilities of stainless steel specimens when immerseJ in various 
boiling solutions. Tie bolts failed in two specimens of E group marked by asterisks. 

STRESS CORROSION FREQUENT IN. SER VICE 
Numerous instances are recorded in 

which tension stress corrosion cracking 
has caused extensive trouble (Ref. 
12) in service. These range from 
watch springs to suspension bridges. 
Watch spring strength was once 
thought to be affected by lightning be­
cause failures were most frequent in 
the season of thunderstorms. It was 
soon realized, however, that high .hu­
midity and therefore greater corrosion 
activity coincided with thunderstorms 
and that these frequently occurring 
failures were actually caused by stress 
corrosion cracking. 

Similar frequent failures have oc­
curred in such items as split lock wash· 
ers, door lock springs and parts in 
which the metal is loaded at a sus­
tained high stress. Only recently I 
found the spring of my seldom used 
bow pin broken. At McCook Field, 
Dayton, Ohio, about thirty years ago I 
observed the sudden collapse of an 
airplane parked unattended on the 
field. The welded landing gear had 
failed for no reason apparent at that 
time. A few instances of similar spon­
taneous failures will be givec in which 
a reasonably accurate history of the 
failed specimens are known. 

In the spring of 1929, numerous 

failures of wires were discovered in the 
cables of the 1200 foot span of the 
Mount Hope suspension bridge in 
Rhode Island and also in the cables 
of the 1850 foot span of the Ambassa­
dor suspension bridge between De­
troit, Mich., and Windsor, Ontario. 
Both bridges were under construction 
at the time. The Mount Hope bridge 
cables had been completed and prepa­
rations were being made to lay the 
roadway. The Ambassador bridge 
cables were still being placed when 
the failures were discovered. 

The method of construction was 
such that the tensile stresses from the 
applied load were augmented by bend­
ing stresses that approached or ex­
ceeded the elastic limit of the steel. 
As a result, brittle fractures dc:vc:loped 
from stress corrosion cracking in re­
gions of high tensile stress. It was 
necessary, at great cost, to dismantle 
both bridges and to replace the orig­
inal wire with wire more resistant to 
stress corrosion cracl..:mg. 

Regardless of othe: prior .induced 
mechanical or thermal residual stresses, 
a cold formed ~pring is residually 
stressed because the metal must be 
strained well above its yield strength 
when bending the wire to form a per-

manent arc. At the outside diameter 
of the coil, a layer of metal parallel 
with the neutral plane of the wire 
must be stressed beyond the yield 
strength in tension; also, at the inside 
diameter of the coil the metal in a 
similar layer must be likewise over­
stressed in compression. The bending 
stress in the metal between these over­
stressed outer and inner layers is pro: 
portional to the distance from the ,neu­
tral plane of the wire and ranges from 
the yield strength of the material to 
zero. Although this layer is not plas­
tically deformed, it contributes to the 
residual stress. 

On release of the bending load, the 
radius of curvature of the coils in­
creases to establish equilibrium be­
tween clockwise and counterclockwise 
residual stress moments about the axis 
of the spring. One result of fhis elas­
tic recovery ( springback) that the 
layer of metal near the outer diameter 
of the spring, which yielded in ten­
sion, becomes residually stressed in 
compression; and the layer near the 
inner diameter, for a similar reason, 
becomes residually stressed in ,Jension. 
These effects are easily observed by 
wrapping a wire ( a straightened paper 
clip will do) around a pencil. 



RESIDUAL STRESS FROM COLD FORMING 
The residual stress in a cold formed 

spring is qualitatively indicated in the 
diagram, Fig. 9, in which a beam sup­
ported near its lower ends is loaded in 
a downward direction at O. The upper 
surface of this beam, which is stressed 
in compression by the downward act­
ing load, represents the inner diameter 
of the coil spring. The lower surface, 
which is stressed in tension by the 
applied load, represents the outer di­
ameter of the coil spring. 

The nominal stress in the plane 
00' of the beam is represented by 
the horizontal distance from 00' 
to the diagonal line N 1N c· The 
nominal compressive stress on the 
upper surface of this beam from the 
applied load is indicated by the dis­
tance ON c· The nominal tensile stress 
on the lower surface is indicated by 
the corresponding distance O'N t· 
Nominal ' stresses at intermediate 
points are proportional to the dis­
tances from a central horizontal plane 
passing through the point 0" and the 
respective points. 

The compressive and tensile yield 

CRACKING 
A transverse brittle crack on the in­

ner diameter of a coil taken from a 
multi-coiled cold formed spring is 
shown in Fig. 10. The spring was 
coiled from SAE 1365 steel wire hav­
ing a diameter of a'-;z in. The wire was 
heat-treated prior to forming to Rock­
well C 42 to 48 and tempered after 
coiling to 550 to 600 F for 20 min­
utes. The crack shown in Fig. 10 is 
typical of hundreds of other such 
-~~des that aev1::10pect wh11e co.id 
formed springs were in a pickling bath 
or than! developed in a short time 
after they were removed from bath. 
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Fig. 9-Diagram of nominal stresses and residual stresses developed in cold forming 
a wire spring. Plastic bending develops dangerous longitudinal residual tensile stresses. 

stresses are indicated by the lines HB 
and KA respectively. These lines are 
arbitrarily slanted to indicate greater 
yield stresses at the surfaces because 
of greater cold working of the material 
nearer the surface. The nominal com­
pressive stress ON c on the upper sur­
face exceeds the yield stress of the 
material by an amount HN c· The 
nominal surface tensile stress O'Ni ex­
ceeds the tensile yield stress by the 
amount KN1• Since the stress is limited 
by the yield strength of the material, 
the actual stress from the applied 

load is indicated by the Z-shaped line 
KABH. 

Upon removal of the downward act­
ing load at 0, the beam will recover 
elastically until a balance is established 
between the tensile and compressive 
acting residual stresses as is indicated 
by the Z-shaped line DEFG, Fig. 9. 
Equilibrium conditions are satisfied 
when the clockwise moments repre­
sented by the areas CO"E and LO"F 
are equal to the counterclod."Wise mo­
ments represented by the areas DOC 
and GO'L. 

OF COLD FORMED MEMBERS 
This crack resulted from the residual 

tensile stress that was developed dur­
ing cold forming as described in the 
preceding paragraphs and as shown in 
Fig. 9. The wire section at the right 
in Fig. 10 shows the crack depth to 
be approximately 25 percent of the 
wire diameter. 

The manufacturer from \\'horn these 
springs were obtained reported that 
such spontaneous failures occurred 
with alarming frequency and a quick 
commercial remedy was needed if pos­
sible, so that he could maintain his 
production schedule. Failures stopped 

immediately when the spring manu­
facturer changed the cleaning opera­
tion prior to zinc plating from acid 
pickling alone to grit blasting before 
pickling. 

Grit blasting, like shot peening, in­
duces residual r:ompressive stress in 
the treated surface. The depth of the 
compressively stressed layer varies with 
the particle size and velocity but is 
usually quite shallow. Principal differ­
ence between these processes is the 
abrasive action of the sharp particles. 
Grit blasting, rather than shot peening, 
is therefore used for removing scale 
and rust and similar cleaning opera­
tions. 

As did the brass cups, Fig. 4, the 
magnesium strips, Fig. 5, and the vari­
ous steel corrosion specimens, Fig. 6, 
the springs, Fig. 10, failed by stress 
corrosion cracking caused by high resi­
dual tensile stress. 

Grit blasting the springs provided a 
surface layer or skin that was impervi­
ous to stress corrosion cracking by re­
versing the residual stress in a thin 
1:tyer on the inner surface of the coils 
from tension to compression. 

Fig. IO-Transverse fatigue crack on inner diameter of coil spring caused by residual 
tensile stress from spring-hack after cold forming. 

Acid pickling was as effective as be­
fore in cleaning the surface of the cold 
formed springs but the formation of 
a deep compressively stressed layer was 
prevented. 



PISTON PIN RETAINER FAILURES 
Spring retainer rings, such as are 

shown in Fig. 11 (A), were used in 
engine pistons to limit the endwise 
movement of floating piston pins. To 
assemble, the rings were elastically 
contracted sufficiently to enter grooves 
in the piston bosses. Since the free 
spring diameter exceeded the outer di­
ameter of the grooves, the springs re­
mained statically stressed after being 
inserted in their respective grooves. 

This method is a common and very 
satisfactory one for restraining float­
ing piston pins, but trouble developed 
in some engines that were placed in 
storage immediately after being oper­
ated through a run-in schedule. When 
again operated after long storage, a 
few engines were damaged because 
one or more of the retainer rings were 
broken and the piston pin would rub 
against the cylinder wall. 

Examination of engines after stor­
age, but before subsequent operation, 
showed that occasional retainer rings 
had failed while in storage in the man­
ner shown in Fig. 11 (B). The frac­
ture details are clearly shown in Fig. 
11 ( C), in which it is seen that two 
brittle transverse cracks originated in 
the outer tension stress metal, and that 
one crack continued inward to the 
mid section of the wire where branch­
ing occurred. 

Sufficient moisture, apparently, was 
deposited between the retainer rings 

(A) 

CB) CC) 

Fig. 11-Stress corrosion cracking in spring retainer ring. 
(A) Dimensions of spring retainer ring. (B) Method of 
failure. (C) Enlarged view of brittle transverse cracks. 

and their grooves during the run-in 
period. to initiate mild intergranular 
corrosion, not visible in the illustra­
tion, on the tension stressed outer sur­
face of the spring retainer. It is known 
that the stress during storage was well 
below the nominal yield strength of 
the metal because during assembly the 
rings were contracted to less than their 
assembled dimensions. The stress and 

corrosion action, howe\•er, were suffi­
cient to cause stress corrosion cracking 
that originated on the tension stressed 
outer surfaces of the snap rings. 

Such failures did not occur in en­
gines that were not placed in storage, 
presumably because normal operating 
temperatures were great enough to dry 
the spring surface and to partially 
relieve the stress by slow annealing. 

GRINDING CRACKS 
The several cracks seen in the 

ground gear tooth, Fig. 12, are tYf~i­
cal of delayed fracture in ground sur­
faces (Ref. 13). The metal in contact 
with the high velocity grinding wheel 
at any instant becomes very hot, but 
the usual oxide discoloration is not 
seen because formation of a visible 
oxide film requires time and the heated 
area, when good grinding practice is 
observed, is so shallow that it is cooled 
too quickly by adjacent cool metal or 
by liquid coolant. 

The shallow heated area is plasti­
cally deformed in compression be­
cause thermal expansion is prevented 

and this area must therefore conform 
to the dimensions of the underlying 
cold metal. Upon cooling and con­
tracting, the heated layer becomes resi­
dually stressed in tension. The mag­
nitude of this stress may exceed the 
ultimate strength of the metal, in 
which event a crack immediately ap­
pears. If the residual tension is less 
than the ultimate strength, the forma­
tion of cracks may be delayed until 
corrosion, usually not visible to the 
unaided eye, provides the necessary 
stress raisers. 

Fractures such as are seen in Fig. 12 
may therefore develop in ground sur-
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Fig. 12-Transfer print of magnetic particle markings of a gear 
tooth showing surface fractures that resulted from grinding. 

faces at any time from the moment of 
grinding to a week or more in storage. 
As stated, the formation of cracks is 
often delayed until surface deteriora­
tion by atmospheric exposure, acceler­
ated by high residual tensile stress, 
progresses sufficiently to initir·:· , . frac­
ture. 

In some factories, gears are a!nnealed 
immediately after grinding to reduce 
surface residual tensile stress below 
that which will initiate stress corro­
sion cracks. The tensile stress in the 
surface after annealing, however, may 
still be so great as to be hazardous 
from the standpoint of fatigue, but 
the treatment is effective against spon­
taneous fracture if appli,.:· before 
actual cracks have appeared. ·;,1.,1e same 
protection against cracking can be had 
by immediate shot peening. T~is treat­
ment is superior in that it tonverts 
the surface residual stress from tension 
to compression, thereby not only pre­
venting tension stress corrosioi:1 crack­
ing but also increasing the fatigue 
strength of the gear teeth. 



During a critical period in the late 
World War failures of welded cool­
ing fans, which were being supplied 
to the Buick Motor Division of Gen­
eral Motors Corporation, for use in 
Buick-built tanks became so serious 
that tank shipments to the war theater 
could not be made. In the hope of 
finding a quick remedy, a cooperative 
investigation was undertaken (Ref. 
14) by Buick and the Research Lab­
oratories Division of General Motors 
Corporation. 

With the expectation that shot peen­
ing was almost certain to overcome the 
difficulty, a special production shot 
peening machine was designed, built, 
and in operation in forty-eight hours. 
The results of shot peening the welded 
fillets are given in the bar charts, Fig. 
13, which also shows the fan in ques­
tion. The tests were not continued 
long enough to determine the magni­
tude of the improvement in fatigue 
durability because shipments had to be 
made as soon as it became apparent 
that adequate life was available. 

Dynamometer operation at the criti­
cal speed caused failure of a non­
peened fan in less than 100 hours, 
whereas the shot peened fan showed 
no distress when the test was stopped 
after more than 400 hours. Proving 
Ground tests gave similar results with 
no distress from the shot peened blades 
when the test was stopped after 3000 
miles of test road operation. 

The blades of these 34 in. dh fans 
were made of SAE 1025 steel. In all 
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Fig. 13-Fat~gue failure of welded fan blades was prevented 
by shot peening. Whether or not they were t0 be shot 
peened, all fans after welding were slow annealed. 

cases the welding process was selected 
and applied to produce a ductile .fillet. 
After welding, whether or not they 
were to be shot peened, the fans were 
stress relieved by slow annealing. 
Each assembled fan was placed in a 
furnace at 300 F and temperature then 
increased 100 deg F per hour to 1180 
F. This temperature was maintained 
for two hours and then reduced 100 
deg F per hour until the fan was re­
moved at 300 F to cool in air. 

Shot peening operation was per­
formed by the American Sand Blasting 
Company of Detroit in accordance 
with instructions by the Research Lab­
oratories Division, General Motors 
Corporation. The peening intensity 
was 15-18A using chilled iron shot 
of 0.016-0.020 in. diameter (SAE No. 
110) . Small diameter shot were used 
in order that the desired residual com­
pressive stress would extend into the 
grooves and folds of the weld metal. 

RESIDUAL STRESS FROM FLAME CUTTING 

Residual stress patterns such as re­
sult from welding are developed by 
all prc-·~sses that create steep tempera­
ture g •• dients. In flame cutting, the 
temperature gradient may be steeper 
than in welding and the resulting bi­
axial residual tensile stress in the sur­
face of the cut may be correspondingly 
greater. 

A one half inch wide strip sawed 
from a1flame cut plate i in. in thick­
ness is spown in Fig. 14 damped to a 
straight ~dge. The saw cut followed a 
straight ·"'~3e with respect to the plate 
but the ;severed strip is seen to be 
sharply ,curved concave in the flame 
cut surf~tt. The observed curvature of 
the strip is a qualitative measure of 
the longitudinal residual stress that re­
sulted from the localized heat during 
flame cutting. This demonstration does 
not indicate stress magnitude but only 
that longitudinal tension near the cut 

Fig. 14-Concave curvature of flame cut surface of strip 
indicates that flame cutting induces internal stresses. 

surface was great enough to bend the 
strip, and in bending to develop resi­
dual tensile stress in and near the op­
posite surface as required to satisfy 
conditions of equilibrium. 

Reliable residual stress measure­
ments in flame cut surfaces have not 
been made, but it is highly probable 
that local tension equal to the yield 
strength of the metal is a common oc-

currence. It would not be surprising 
to find fractures originating in sharply 
notched flame cut surfaces that are ex­
posed to corrosive environments, par­
ticularly when the residual tensile 
stress is augmented by tensile stresses 
from service loads. The probability of 
such fractures would be further in­
creased if the external service load is 
of a recurring nature. 



PRESTRESSING WITH HAMMER BLOWS 
Prestressing by hammer peening, 

instead of by shot peening, is practiced 
when it is desired to develop residual 
compressive stress to a greater depth 
than is possible with shot; also, when 
peening must be applied to a portion 
of a complete machine. 

An interesting example of the ap­
plication of hammer peening is shown 
in Fig. L Early in World War II, 
broken gear teeth were found in one 
of three large hoist gears in a mine at 
Sudbury, Ontario, operated by the In­
ternational Nickel Company (Ref. 
15) . These cast steel gears were 12 
ft in dia, 30 in. face width, and had 
288 herringbone teeth of 2 pitch. 

Failure of teeth in these gears pre-

sented a most serious threat to the war 
effort. Nickel was in short supply and 
stoppage of the important Sudbury 
mine while new gears were being 
made would greatly reduce nickel pro­
duction. Furthermore, since gear 
m~nufacturers were loaded to capacity 
with war orders, making new hoist 
gears would interfere with production 
of other important gears. 

Through a cooperative effort by the 
Research Laboratories Division of 
General Motors Corporation and the 
International Nickel Company, the 
problem was solved by resorting to 
hammer peening. The portions of gear 
teeth that were cracked were removed, 
care being taken to cut away the entire 

cracked length in each fatigued tooth. 
The remaining unbroken lengths of 
teeth, together with all other teeth in 
each gear were hammer peened at the 
roots using spherical ended punche~ 
;} in. in dia. This treatment was first 
applied to the damaged teeth and later, 
as time permitted, to all of the unfailed 
teeth. 

In the beginning, peening was ap­
plied by hand hammers because air 
hammers were not available, but even­
tually air hammers were obtained and 
the work progressed more rapidly. 

The hammer peening proved highly 
successful and the gears served 
throughout the war without recur­
rc:nce of fatigue cracks. 

HAMMER PEENING OF SOFT STEEL 
As part of a study to prevent costly 

and time consuming fatigue failures 
of large forge hammer bases, fatigue 
specimens such as that shown in Fig. 
15 were prepared and tested. The pur­
pose of the experiments was to deter­
mine whether deep hammer peening 
of soft steel, such as is used for forge 
hammer bases, could be expected to 
increase fatigue durability and, if so, 
to determine the order of improve­
ment that might result. Peening was 
applied by air hammer, actuated by 
50-psi air pressure, using a one inch 
diameter spherical ended tip. 

The specimens were made from 
SAE 1030 steel fully annealed to a 
hardness of Rockwell 65 B. The 1! 
in. square test sections were machined 
from larger rectangular bars 2f x 2j 
in. in cross-section and 13} in. long. 
During testing they were loaded in re­
verse bending to ±35.500 psi. Under 
this loading, the unpeened specimen at 

the left of Fig. 15 failed as shown 
after 130,000 stress reversals, the frac­
ture being brittle in character despite 
the high ductility of the steel. 

Under the same load conditions, the 
hammer peened specimen shown at 
the right of Fig. 15 completed 7.000,-
000 cycles of stress without failure 
although fine surface cracks appeared 
after 4,000,000 stress reversals. Note 
that the cracks, which in Fig. 15 have 
been broadened by pen, did not notice­
ably increase in depth during the 3,-
000,000 cycles of operation after they 
were first discovered. This is as would 
be expected unless much of the resi­
dual compressive stress induced by the 
peening had been dissipated by the 
reversed stresses from the applied 
loads. The cracks did not propagate; 
therefore, sufficient subsurface r~sidual 
compressive stress remainc·d to serve as 
a barrier to crack growth. 

The peened specimen was later 

Fig. l 5-Non-peened and hammer peened 
reverse bending fatigue specimens made 
of SAE 1030 annealed steel that were used 
in a study of forge hammer base failures. 

sawed from the side opposite the 
cracks until the remaining section 
could be broken to show the depth to 
which the cracks had penetrated. The 
depth was found to be approxiQ1ately 
0.030 inch. 

DISSECTION STRESS ANALYSIS 
To study further the effects of air 

hammer peening in inducing residual 
stresses in SAE 1030 annealed steel, 
dissection stress analysis was made of 
a specimen peened to the same inten­
sity as the peened fatigue specimen of 
Fig. 15. The results of these stress 
measurements are indicated by the 
dash line in the diagram of Fig. 16. 
The induced residual compressive 
stress ranges from 21,000 psi at the 
surface to a maximum of 41,000 psi 
at a depth of 0.100 in. The residual 
tensile stress at the mid sei:tion is 24,-
000 psi. For purposes of dissection 
stress analysis, the surface of the speci· 

men was assumed to be the bottom of 
the hammer depressions. 

The two solid diagonal lightweight 
lines in the diagram represent respec­
tively the plus and minus stresses from 
the externally applied bending loads. 
The heavy solid line represents the 
algebraic sum of the residual stress and 
the stress from the external load when 
acting to bend the beam concave on 
its upper surface as represented by the 
_diagram. 

The resultant stress near the upper 
surface of the diagram reaches a ma,g­
nitude of 73,000 psi compression. If 
the resultant stress exceeded the mac-

rodynamic yield strength of the metal, 
plastic yielding occurred and the resi­
dual compressive stress was reduced 
by an amount equivalent to such yield­
ing. The magnitude of the i;emaining 
residual stress at the time thJ test was 
stopped can be determined· only by 
dissection stress measurements of a 
specimen after undergoing long fa­
tigue testing at the particul:ir load in 
question. This has not yet be~n done 

The resultant stress near the tension 
(lower) surface is seen to be compres­
sive at depths between 0.03 · and 0.2 
in. So long as no plastic yielding oc­
curs from stress reversals ( see upper 



part of diagram), this lower layer and 
a corresponding layer near the upper 
surface cannot fracture because they 
are never stressed in tension (Ref. 
13). It is also seen that plastic yield­
ing equivalent to 10,000 psi can occur 
and still leave a subsurface barrier to 
crack growth because it will not be 
stressed in tension. 

Because of the lesser residual com­
pressive stress near the surfaces to­
gether with the greater applied stresses, 
however, surface fatigue cracks can 
develop on and near the tension 
(lower) surface since, as is seen from 
the diagram, in this region the result­
ant stress is tensile. Shallow cracks 
can therefore develop just as was seen 
to happen after 4,000,000 load re­
versals. It is probable that the fatigue 
strength of a layer of metal near the 
surface was adversely affected i:>y the 
very severe cold working that was 
applied and therefore relatively low 
tensile stress initiated the observed sur-

Residual stress 
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Fig. 16-Residual stresses induced in SAE 1030 annealed steel specimen by hammer 
peening, and resultant stresses acting at start of fatigue test. 

face cracks. It is seen that the meas­
ured depth of the cracks (0.030 in.) 
is in agreement with the depth of the 
metal stressed in tension. 

The greatest resultant tensile stress 
is seen to occur about i in. below the 
surface and, unless the stress values 
shown in the diagram are markedly 
changed by yielding, disastrous sub-

surface fatigue cracks can originate at 
this distance from either surface when 
the specimen is subjected to reverse 
bending. The tensile stress required to 
initiate fracture in subsurface metal, 
however, must be greater than the frac­
ture stress in sound surface metal be­
cause of the greater fatigue vulner­
ability of surfaces (Ref. 4) . 

SHIPS FAIL FROM RESIDUAL STRESSES 
It is probable that the susceptibility 

of welded structures to brittle fracture 
is influenced in varying degrees by 
many factors such as material, welding 
technique, and design. This article has 
considered only residual stresses, which 
are the most important causes of fail­
ure, and the means whereby harmful 
residual stresses can be reduced or 
converted to beneficial stresses The 
treatment that is required is simple. 

The data that have been presented 
show that susceptibility to the several_ 
common causes of brittle fractures in 
ductile metal such as fatigue, stress 
corrosion cracking, and biaxial tension 
can be reduced or eliminated by the 
cl.eve1opment and retention of residual 
compressive stress in. vulnerable areas. 
The s1 :ne treatment will ameliorate 
the de(rimental effects of bad de-
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sign, inferior materials, and even bad more susceptible to stress corrosion 
welding. cracking than soft steel. If the hard-

Successful peening will require the ness is the result of nitriding or car­
services of skilled workmen not now burizing, however, hardened steel is 
available, but the skill needed does not not notch sensitive nor will it fail by 
differ greatly from the well developed stress corrosion cracking because its 
art of peening large saws. surface is compressively stressed by 

The data presented include a num- case hardening, thus giving the same 
ber of specimens that differed greatly effect as peening. 
in hardness and therefore in notch Brittle fractures from deep sharp 
sensitivity from the materials used in notches are not easily prevented by 
welded structures. Experience has normal peening because the peening 
shown that because of notch sensi- · cannot reach the bottom of such 
tivity, shot peening is even more effec- notches where the stress multiplication 
tive on hard steels than on the softer is very great. When deep sharp notches 
more ductile grades. Note, for ex- occur during fabrication, they must be 
ample, the effectiveness of the shallow widened to permit peening or a small 
residual compressive stress induced by hole must be drilled at the end of the 
grit blasting of the .haro. .s.pring...Eig •. .. notch. The inside of the hole must 
10. On the other hand, because of its then be peened by hammers designed 
greater notch sensitivity, hard steel is for the purpose. 
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