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Fatigue Crack Initiation and Propagation in

High-Yield-Strength Steel Weld Metal

Flawed HY-130 butt welds are subjected to fatique, and their
total and crack propagation lives are measured and analyzed

on the basis of a fracture mechanics analysis

BY F. V. LAWRENCE, JR. AND J. B. RADZIMINSKI

ABSTRACT. Full penetration, double-vee
butt welds with reinforcement removed
have been fabricated using a high-yield-
strength ~steel, HY-130. Various filler
metals and welding techniques were used.
Most welds contained intentionally in-
corporated weld discontinuities such as
slag, lack of fusion and/or porosity.
Fatigue specimens were cut from these
welds and tested in zero-to-tension, axial
fatigue.

" The point at which a fatigue crack
began to propagate within the specimen
was determined by radiographic measure-
ments. The fatigue life of a specimen
could therefore be separated into two
parts—that portion spent in initiating a
fatigue crack and that spent in fatigue
crack propagation. The influence of flaw
size and geometry upon the crack prop-
agation portions of the fatigue life was
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found to be large and to depend upon
the thickness of the member.

The results of these studies were found
to be in good agreement with the fatigue
lives predicted on the basis of a fracture
mechanics analysis.

Introduction

Since the. introduction of the new
high-yield-strength, heat-treated steels
for welded structures, ‘much attention
has been given to the problem of de-
signing welds which possess increased
fatigue properties equal to those of the
base metal. Recent investigationsl3
have shown that the fatigue life of
such welds may be substantially less
than that of the base metal and hence
restrict the wusage of these high-
strength materials in applications in-
volving repeated loads, particularly
repeated axial loads.

As shown in a companijon paper,* a
very large variation in fatigue life has
been observed for welded high-
strength steels fatigued at one stress
level and failing at internal discontinu-
ities. Attempts to relate this behavior
to differences in base ‘metal proper-
ties, filler metals, and variations in
welding method have not been suc-
cessful; it seems that these variables
exerted little influence upon the fa-
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tigue phenomenon in these weldments.
No strong correlation between any of
these variables and the fatigue life ex-
pectancy of a weldment was found
within the range of lives considered,
i.e., approximately 104 to 106 cycles
to failure.

The sizes of internal discontinuities
present in the welds, on the contrary,
had a large effect on the measured
fatigue life: large defects usually re-
sulted in a foreshortening of the ex-
pected fatigue lives, whereas minute
defects often had a considerably less
significant effect. The most important
variable in determining the fatigue life
of a flawed weldment would seem to
be, therefore, the nature of the in-
ternal flaws contained within the weld
and the manner in which these flaws
interact with the stress field in the
weld during its fatigue life.?

Fatigue Crack Propagatiqn

The total fatigue life of a specimen
can be divided into five phases: cyclic
slip, crack nucleation, microcrack

_ growth, macrocrack growth and fail-

ure.® For the purposes of the present
study, the first three phases will be
considered as the fraction of the fa-
tigue life spent in crack initiation and
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Table 1—Chemical Composition of

HY-130 Base Metal (Data Supplied py

U. S. Steel Corp.)

Table 2—Mechanical Properties of HY-130 Base Metal (Data Supplied

by U. S. Steel Corp.)

Properties in Longitudinal Direction———m———

D v Fatigue Elonga- Reduc- Charpy
'S .t number' 5P2456 5P2004 specigrnen Yield Tensile tion tion in  V-notch,
o %Igl{e specimen ND NE Heat designa-  strength,» strength, in2in., area, ft-Ib

- esn'gnatxon number “tion ksi ksi % % 0°F

- Cﬁor;‘,'f,sz?y:" 5P2456 ND 140.4 149.2 20.0 64.4 8
HY o 0.10 011 5P2004 NE 141.6 152.0 20.0 63.8 90

N 5 0.84 0.88 :

o :—-: g‘n 0.007 0.003 0.2% offset. ' .
Pprd S 0.004 0.006 of high-strength steel butt welds sub- specimens, the welding techniques
¥ s 0.24 0.35 jected to a uniform axial stress and  were intentionally altered in such a
w = Ni 4.92 4.95 containing various intentionally incor- way as to produce a specific defect
g g Cr 028 ggg porated internal defects. This was  area during a portion of one pass.
b 3" ° 8.08 0.08 done to determine the manner in  This area was covered by successive
"":": 'g Ti 0.04 — which a particular defect influences passes in which no defects were inten-
D5 cu 0.06 0.07 the crack propagation in and the fa- tionally created. Using the appropriate

the latter two phases as the fraction of
the fatigue life spent in crack propa-
gation.

In terms of welds containing inter-
nal defects, the total fatigue life can
be divided into an initiation period in
which the defect does not enlarge
perceptibly, and a propagation period
in, which .a crack. originating at the
flaw “enlarges” until fracture s oc-

=3 %eured. - Inf “high-strength.’ steel Tweld-

ments teSted:;at high stress .levels, a
. significant portion_of the fatiglie life
“thay ‘be 'spent in fatigue crack’ ‘propa-
" gation; .consequently, there. ha$’ been
much recent interest in measuring the
life spent in crack propagation and
relating this life to that predicted
using current theories of fracture
mechanics.”11

Purpose of the Present Investigation

The purpose of the present investi-
gation was to measure the fatigue life

tigue life of the weld. The point at
which the defect became an active
fatigue crack was detected by period-

“ically interrupting testing and radio-

graphing the specimen. In this man-
ner the fraction of the fatigue life
spent in crack propagation could be
determined and compared with that
predicted using fracture mechanics
analyses.

Weld Fabrication and Testing
Procedures

The specimens for this study were
fabricated from a high-yield-strength
quenched and tempered steel, HY-
130. The chemistry and mechanical
properties of the heats used are given
in Tables 1 and 2. Two plate segments
were cut from 1 in. thick plate stock
and joined using a full penetration,
multiple pass, double-vee butt weld.
Both shielded-metal-arc and gas-
metal-arc welding were wused. The
chemistries of the welding electrodes
used are given in Table 3. In most

Table 3—Chemical Composition of Electrodes for Welding HY-130 Plates

Manufacturer U. S. Steel Linde Div., McKay Co.
Corp. Union Car-
) bide Corp.
Electrode
designation 5Ni-Cr-Mo Linde 140 McKay 14018
Electrode type /1 in. diam /15 in. diam /32 in. diam 3/15 in. diam
bare wire bare wire covered electrodes
Heat number 50646 106140 1P1375
Chemical 5/3 in. 3/16 in.
composition, % diameter diameter
C 0.1 0.11 0.077 0.081
S 0.006 0.007 0.003 0.004
P 0.004 0.008 0.003 0.003
Mn 0.75 1.72 1.91 1.85
Si 0.38 0.36 0.42 0.39
Ni 5.03 2.49 2.08 1.92
Cr 0.61 0.72 0.71 0.73
Mo 0.47 0.88 0.43 0.43
\Y 0.01 0.01 - -
Cu — 0.08 — —
Ti 0.015 — -— —_
Al 0.01 — —_ —
N 0.004 — —_ —_

technique, internal defects such as
slag, lack of fusion, and porosity of
roughly the desired proportions could
be created. .

After welding, the plates were cut
to the specimen shape shown in Fig.
1. In order to eliminate the possibility
of toe initiated failures, the weld rein-
forcement was machined off of all
specimens tested for this study. Fur-
thermore, removing the reinforcement
had the advantage of allowing more
precise nondestructive inspection. Af-
ter removing the reinforcement, the
surfaces of all specimens were pol-
ished. Following their preparation, the
specimens were examined using radio-
graphic and ultrasonic inspection tech-
niques to determine the type, concen-
tration and position of the internal
defects apparent within the weld prior
to testing.

The specimens were inserted into a
200,000 1b capacity fatigue machine
and cycled at a rate of approximately
150 cpm using stress cycles of 0 to
50 ksi, or 0-to 80 ksi axial tension.
The tests were interrupted periodically
to radiograph the weld to determine
the onset of internal fatigue cracking
or the extent of fatigue crack growth.
Radiographs obtained at 10% inter-
vals of the expected fatigue life per-
mitted the determination of the point
at which an internal fatigue crack be-
gan to propagate. Crack extensions of
0.02 to 0.05 in. could be detected by
this procedure. From this information,
the total fatigue life of a specimen
could be separated into that spent in
crack initiation (or early, undetected
growth) and that spent in crack pro-
pagation. .

All specimens were cycled until
complete fatigue "fracture occurred.
Very little damage was imparted to
the ‘fracture surfaces, owing to the
zero-to-tension stress cycle used; con-
sequently it was possible to examine
the fracture surfaces to determine the
exact nature, size and position of the
flaws initiating the fatigue crack.
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Fig. 1—Details of the butt welded fatigue test specimens. The weld reinforcement was removed prior to testing

Results of the Fatigue Crack
Propagation Studies

The results of the fatigue tests of
the welded HY-130 specimens are giv-
en in Table 4 and Fig. 2.

As can be seen in Fig. 2, there was
considerable variation in the total fa-
tigue lives measured at the two stress
levels used, O to -}-50 ksi and O to
—-+-80 ksi. At 0 to <80 ksi, the total
fatigue lives ranged from 1,500 cycles
to 170,000 cycles or over two orders

of magnitude. The spread in the lives
at 0 to -}-50 ksi is almost as great; the
lives ranged from 27,500 to 651,900
cycles or well over one order of mag-
nitude in life.

The measured propagation lives, on’

the other hand, exhibit much less vari-

*The reason that some total lives are
shorter than any propagation life shown in
Fig. 2 is that the propagation life was not
measured in all specimens reported; thus
the propagation lives for some short total
life specimens are missing.

ation. At O to 480 ksi the propaga-
tion lives ranged from 2,250 to 9,300
cycles, less than one order of magni-
tude.* At O to --50 ksi, the propaga-

tion lives ranged from 14,500 cycles o
to 44,000 cycles, again, less than one b

order of magnitude.

The difference between the total -

lives and the measured propagation &

lives of a spec1men is the number of = ;,

cycles spent prior to crack 1mt1at1iqnv

(or in undetected crack growth). For
those specimens in which crack initid- .
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Fig. 2—Total and crack propagation portions of the fatigue life of HY-130 butt welds. The open triangles
indicate the total lives while the solid indicate the propagation lives. The diagonal lines represent the pre-
dicted S-N curves (propagation) using the expressron for a finite plate with a through crack (equation [7))

and the expression for a disc-shaped crack in an infinite body (equation [5)
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tion and propagation was studied (see
Table 4), the period of life spent in

crack initiation varied from essentially

zero cycles to over 38,000 cycles at O
to 480 ksi and from essentially zero
to over 74,000 cycles at O to .50 ksi.
As would be expected, the total
lives and the number of cycles spent in
crack initiation and propagation are
smaller at the higher stress level than
at the lower stress level. Also, there is
a general, though not entirely consist-
ent, correlation between large flaws
and short fatigue lives as can be
verified by inspection of Table 4 in
. which the dimensions of the flaws as
measured on the fracture surface are
given. It was found that the critical
fatigue crack did not always start at
the flaw which appeared to be most
severe on the radiographs taken prior
to testing. Often the fatal crack would
start at a defect not evident upon the
initial radiograph. These points are

8
Pl

discussed more fully in a compamon
paper.4

Discussion
Fracture Mechanics Analysis

From the foregoing observations
and the results of several recent
studies, ™10 it would seem reasonable
that the effect of flaws on the fatigue
life of welds could be related to the
maximum stress experienced in the
material adjacent to the defect, i.e., to
the stress intensity associated with the
defect. Moreover, it would seem that
the type of the defect should have
little effect upon the advancement of
the fatigue crack, once initiated. The
variation in the fraction of fatigue life
spent in crack propagation shown in
Fig. 2 is independent of the initial flaw
type. Once an active fatigue crack has
formed, the number of cycles to fail-
ure at any given stress level depends
only upon the rate at which the crack

o
0 g 3able 4—Results of Crack Propagation Studies®
T © '
i Crack
4 4 WSpeci- propa- Defect Welding
4 H 'g men | Stress | gation | Total | De- | Defect | Defect position, | procedure
3 a4 Snum- | cycle, | life, | life, | fect [length,| width in. from and filler
j e :4. ber ksi |[cycles |cycles |type| in. in. surface metal
: P rhos | oso | 14,500 | 59,500 | L 97 | .08 50 u
-~ ND-21 0-50 | 16,300 | 43,800 | V .35 0.2 .40 u
- @ D-20 0-50 | 31,000 ; 36,000 | LP .30 .06 .38 U
>H %D&z 0-50 | 44,200 [219,200 | LP 52 | .04 50 L
o b D-28 0-50 -+ 72,300 | L .50 .125 .28 L
D i AND-10 0-50 | 22,500 | 27,500 | L .65 .05 .37 L
3 :g D-18 | 0-50 | 23.800 | 83,800 | S 55 | .05 .46 M
D-17 0-50 | 43,800 | 71,300 | S .95 .10 .36 M
ND-19 0-50 | 34.500 | 52.000 | S .70 .07 .36 M
‘ND-14 0-50 | 15,000 { 33,500 | P 175 .175 .27 M
ND-15 0-50 | 25,400 | 32,400 | P .08 .08 .26 M
:ND-25 0-50 + |651,900 | P .05 .05 .50 M
.ND-9 0-80 + {170,000 | ,» <.001 | <.001 .44 u
ND-6 0-80 9,300 | 95,300 | P <.001 | <.001 .50 U
ND-26 0-80 + 95,000 | L .10 .05 .20 U
‘ND-22 | 0-80 4+ 169,000 p <.001 | <.001 .38 U
"ND-24 0-80 + 17,800 | v .35 .025 .32 U
ND-13 0-80 + 110,000 | P .03 .03 .35 L
ND-11 0-80 + 4,300 | L 1.05 .12 .28 L
ND:-16 0-80 + 6,200 | S .30 .02 .40 M
ND-27 0-80 + 86,300 | P <.001 | <.001 .50 L
ND-43 0-80 + 28,900 | P .04 - .04 .50 L
ND-41 0-80 2,530 | 9,030 | L .94 175 .33 L
ND-36 0-80 6,100 | 6,600 | L 35 .16 .30 L
ND-44 0-80 4,550 { 5,800 | L .40 .08 .29 L
ND-37 0-80 4,600 | 5,6G0 | L .45 .10 .36 L
ND-40 0-80 2,380 | 5,387 |V 6 .10 .50 L
ND-42 0-80 + 4,450 | L .58 .10 .35 L
“NE10 0-80 2,250 | 3,250 | L .96 .05 .35 L
. NE—9 0-80 + 1,760 | L .74 .08 .29 L
ND-39 0-80 + 1,500 | L 1.17 .20 .41 L
ND-46 0-80 4,850 | 42,850 | § .18 .05 .25 M
ND-47 0-80 4,950 | 10,400 | S .06 .05 .32 M
ND-45 0-80 5,730 | 6,750 | S .22 .08 .35 M
ND-38 0-80 5,200 | 5,700 | § .06 .04 .24 M
NE-8 0-80 3,2201 4,970 | s .44 .02 .50 M
NE-7 0-80 2,620 | 2,870} S .12 .09 .40 M
NE-11 0-80 3,230 | 4,830 | P .01~ .01 .22 M
NE-12 0-80 2,900 | 4,400 | S .50 .08 .4 M

® Symbols: +—not measured; S—slag; P—porosity; V—Rvmd L—lack of fusion; LP—lack

of penetration;

U—United States Steel: L—Linde; M—Mc

ay

propagates through filler metal and
not upon the type of flaw initiating the
crack, per se.

The rate at which a fatigue crack
will advance has been studied exten-
sively by Paris,’2 who showed that
the rate of crack growth advance per
cycle can be related to the range of
stress intensity factor by the following
equation:

- C(AK)

da
n N

where:

da

= rate of crack advance per cycle
C = material constant
n = material constant

AK = range of stress intensity factor.

Paris found that C and n remained
constant over a wide range of stress
intensity factors; other studies!3 have
further shown that these constants
vary little from one high-strength steel
to another.

The range of stress intensity factor,
AK, is a function of the crack width
and stress level. Therefore, for tests
conducted at a constant stress range,
AK becomes a direct function of in-
stantaneous crack length, and the
number of cycles of propagation may

be expressed as:

ar 1
ay C (AK)”

da 2)

where:
N = cycles spent in advancing the
crack from a to ay

ao = half initial crack size (defect di-
mension in direction of sub-
sequent crack growth)

a; = half final crack size.

The number of cycles of repeated
stress necessary to advance the crack
from an initial flaw size 2a. to a final
crack size 2a, can be calculated
using equation (2) if an analytical
function for the range of stress intensi-
ty factor can be found and integrated.
In those cases where the integration of
equation (2) is difficult, a finite differ-
ence technique can be used and the
integration performed numerically with
the aid of a computer.

Z (3

C (AK)"
where:
Aa = small finite advance of the
crack.

Using either equation (2) or (3)
and letting a; equal half the thickness
of the specimen, it is possible to esti-
mate the number of cycles spent in
crack propagation during the fatigue
life of a weld if the initial flaw size in
the through-thickness specimen direc-

~
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tion, 2a., is known, the material con-
stants C and n are known, and if an
analytical function for the range of
stress-intensity factor can be found
which fits the geometry and/or
boundary conditions of the physical
situation.

Although exact solutions for a gen-
eralized flaw in a finite body are not
available, solutions for simpler cases
which bound or closely model most
physical situations do exist.

A very simple model for a flaw in a
weld, a disc-shaped crack in an infinite
body, is shown in Fig. 3a. The range
of stress intensity for a zero-to-tension
stress condition (stress perpendicular
to the plane of the crack) would be:12

AK =2 o\/7a @
w

where:
¢ = maximum tensile stress
a = crack radius or half width.

Substituting this function into
equation (2) and integrating:

AK = %‘ o~ mTa

a f(x—nlz) _ ao(l—nlz)

i EE e

A second model, that of a through
crack in a body which is finite in the
direction of crack advance is shown in
Fig. 3b. The range of stress intensity for
a zero-to-tension stress situation can
be expressed as:14

J— ) 1/2
AK = o+/7a (secg-g) ,
0<a<08 (6)

where b = plate half thickness.
Substituting this function (equation

(6)) into equation (3):
a ' n/2
i C —
N=31 B |aa

ay a C2/n 0.271.

In Fig. 4 models of various types of
flaws commonly encountered in welds
are shown. The through crack of Fig.
3b, for which equations (6) and (7)
were developed, models the continu-

MeTz Heleirence HOOM

Civil Engineering Department

B106 C. E. Building

University of Illinois
Urbana, Illinois 61801

- 2b

ous and intermittent linear flaws
shown in Figs. 4a and 4b quite close-
ly; but, it does not adequately model
the small, isolated pore. The disc-
shaped flaw of Fig. 3a, for which
equations (4) and (5) were de-
veloped, is more realistic for the latter
case. One characteristic of both equa-
tions (5) and (7) is that the crack
propagation life calculated is very sen-
sitive to the choice of initial flaw size,
a.. A fatigue crack spends the major
portion of its propagation life as a
very small crack and the accuracy of
the solution- will therefore depend in
large part upon accurately modeling
the initial size and geometry of the
defect (see Fig. 5).

Comparison with Experimental Results

As reasoned above, the initial size
(in the direction of subsequent propa-
gation) and, to a lesser extent, the
geometry of a flaw should determine
the length of the crack propagation
period of the fatigue life. The fatigue
lives of Table 4 and Fig. 2 have

>l

L) I/
AK = o v/7a (sec Zg )2

(O < a <£0.8b)

Fig. 3—Two models for flawed weldments: left (a)—a disc-shaped crack in an infinite. body; right (b)—a through crack in a
finite plate. The stress intensity factors are given for each



therefore been replotted as a function
of initial flaw size for the two stress
levels of 0 to ~-80 ksi and 0 to 450
ksi in Figs. 6 and 7. The initial flaw
size 2a. in these plots is the initial
width of the largest flaw seen on the
fracture surface of each specimen.
This dimension has been plotted
against the total fatigue life, and, for
those specimens in which propagation
measurements were taken, against the
life spent in crack propagation as
determined experimentally by radiog-
raphy. The propagation and total lives
measured for a specimen have been
connected by a horizontal line, the
length of which is the life apparently
spent in initiating an active fatigue
crack (or in undetected, early crack
growth).

Also appearing in Figs. 6 and 7 are
three curves for the life spent in crack
propagation, N, which have been cal-
culated using equations (5) and (7).
The values of C and n used in these
calculations are those determined by
Barsom, Imhof and Rolfe3 for HY-
130 steel using a zero-to-tension stress
cycle and 1 in. thick wedge-opening-
loading (WOL) specimens, conditions

which are, with the exception of speci-.

men geometry, similar to those used
in the present study.

At O to 80 ksi the total lives |

and, particularly, the propagation
lives, lie within a band that straddles
the predicted results calculated using

University of Illinois

the through crack in a finite plate
model, equation (7). This model rep-
resents a condition of severity at least
equal to that of the most critical flaw
encountered in this study (continuous
lack of fusion, etc., see Fig. 4). The
fact that some of the specimens ex-
hibited propagation lives less than
those predicted by equation (7) may
be explained in part by the limitations
of the nondestructive testing tech-
niques used to detect crack initiation;
ie., crack extensions of less than
about 0.03 in. were generally unde-
tectable on a radiograph, which could
result in appreciable error in the esti-
mation of life spent in propagation. It
is more difficult to explain why the
total lives of some of the test speci-
mens were less than the propagation
lives predicted by equation (7).

A possible explanation for the short-
er lives may be that most flaws were
not positioned along the center-line of
the weld as assumed for equation (7),
but were actually. asymmetrically lo-
cated. The position of the center of
the flaw relative to the surface of the
specimen is given in Table 4. The
centers of some flaws are more nearly
at the quarter-points of the specimen.

‘With such flaws, the stress intensity

factor for the edge nearest the surface

of the specimcn is greater than that

assumed in the calculation of equation

-(7) for a 1 in. thick plate. Conse-

quently, a fatigue life shorter than

that predicted above could result. The
magnitude of this effect can be as-
sessed by bounding the problem with
the solution of equation (7) for a 1/,
in. thick plate, the assumption being
that a flaw of 2a. initial width with its
center at 0.25 in. from the surface of
a 1 in. plate could be similar to
but not worse than a flaw of 2a.
initial width at the center-line of a
1/, in. plate.

Curves for this latter condition are
also plotted in Figs. 6 and 7; it can be
seen that the differences between the
solution for a 1 in. thick and 1/, in.
thick plate are most pronounced at the
larger flaw sizes. For very small flaw
sizes the solutions are essentially iden-
tical because the effect of the boundary
conditions upon the flaw’s initial be-
havior is small. The solution for the
1/, in. plate very nearly bounds all
the data.

The smallest defects which have
been observed to initiate fatigue
cracks were very small pores. The
initial geometry of and the boundary
conditions for these flaws may be
conservatively approximated by the
disc-shaped crack in an infinite body
model assumed in equation (5). The
difference between the .curves for
equations (7) and (5) (in Fig. 6) at
small flaw sizes reflects the effect of
the difference in geometry between
point and line flaws. Consequently, the
curve for equation (5) should rep-

o [oa a [ep
w , /A/,"/ /
3 A4
o)
”é . / S
— ) » v—-g Vo ..{ \‘ *_
ot ¢ |2a —X ¢ |2q- i ¢
;: o]
<
Q0 _
4
o)
T [og o o

{a) (b)

(c)

-(d)

Fig. 4—Types of flaws found in weldments: (a) continuous linear defects at the center of the weldment, e.g., lack of
fusion, continuous slag; (b) intermittent linear defects at the center of the weldment, e.g., intermittent lack of fusion,
intermittent slag, elongated porosity; (c) isolated pores at the center of the weldment, e.g., small voids, pores, very small
defects of all kinds; (d) continuous linear defects located off center in the weldment
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resent the propagation life of very
small isolated pores better than should
equation (7). As can be seen in Fig. 6
the plot of equation (5) bounds most
of the fatigue data and agrees particu-
larly well with the fatigue lives of the
smallest (spheroidal) defects initiating
fatigue fracture.

The same general remarks apply to
the data presented in Fig. 7 for tests
conducted at 0 to 50 ksi. Few lives
were recorded less than that predicted
by equation (7) for a 1 in. thick
plate. The data for the most part lie
between the curves for equations (7)
and (5).

The two models used in the fracture
mechanics analysis can be seen to
bound the data measured at both
stress levels, as shown in Fig. 2. S-N
curves based on various initial flaw
widths have been plotted using the
results of equations (5) and (7).
Most of the measured fatigue data lie
between the solution of equation (7)
for an initial flaw size 2a, of 0.3 in.
and equation (5) for an initia] flaw
size 2a, of .001 in.

Conclusion

The results of this study show the
large effect internal weld defects may
have upon the fatigue life of high-
yield-strength steel welds cycled under
axial loads. Their fatigue lives have
been shown to be insensitive to the
welding technique and filler metal
used, but highly sensitive to the size
and geometry of the flaw initiating
fracture.

Measurements of the point at which
an observable fatigue crack began to
propagate within the specimen have
confirmed that a large fraction of the
fatigue life is spent in crack propaga-

Lo " . . !
P = Specimen Thickness

8

(inches)

Crack Width 2a

I

O.l“

T
(Complete Fracture)
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Fig. 5—Effect of initial flaw size
flawed 1 in. thick HY-130 weldment

tion—and, particularly at higher stress
levels and for larger defect sizes, the
crack propagation period may in fact

on the crack propagation life of a

constitute almost the entire fatigue life
of the specimen.
The results of the experimental por-
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Fig. 6—Crack propagation and total fatigue lives as a func-
tion of initial flaw size (width) 2a, at 80 ksi stress level. The
dashed lines are solutions of equation (7) (finite plate-
through crack) for 1 and Y in. plate thicknesses. The solid
line is a solution for equation (5) (infinite body-disc shaped
crack). The horizontal lines connect the propagation and
total lives of one specimen

Fig. 7—Crack propagation and total fatigue lives as a func-
tion of initial flaw size (width) 2a. at 50 ksi stress level. The
dashed lines are solutions of equation (7) (finite plate-
through crack) for 1 and % in. plate thicknesses. The solid
line is a solution of equation (5) (infinite body-disc shaped
crack). The horizontal lines connect the propagation and
total lives of one specimen
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tions of this study have been com-
pared with the propagation lives cal-
culated using the concepts and equa-
tions of fracture mechanics. The data
agree well with these theories and
several conclusions may be drawn
from the theoretical and experimental
results:

1. The effect of flaw width and the
ratio of flaw width to plate thick-
ness are dominant in controlling the
length of the period spent in crack

sypropagation.
2 2. The position of the flaw relative
sto the center-line of the weld is an
“‘tmportant parameter in determining
ithe propagation life. Larger flaws
J.posmoned off the center-line of the
“weld should propagate to failure more
rapldly than ones located in exactly

& middle of the plate. For very

. smz'ﬂl flaws this is not as important an

. *eiﬁct

.+ 3. At very small flaws, where the
ﬁniteness of the plate does not affect

,—thé' flaw during its early stages of
-crack propagatlon, the actual geome-
try&“of the flaw, i.e., whether it is elon-
gated or sphencal is influential in
- determining the propagation life. For
flaws which are large relative to the
“plate thickness, the geometry of the
flaws influences the propagation life
only to a minor extent.

Further study and more refined ex-
perimental techniques will be required
to determine accurately the period of
life spent in initiating an active fatigue
crack and the role of flaw size, flaw
geometry and stress level in determin-
ing that life.

Until such time as the factors con-
trolling this initiation period are better
understood and permit the length of
that period to be predicted, the fa-
tigue lives of high-strength steel
weldments failing at internal flaws
may be estimated by neglecting the

crack initiation period and using the
concepts of fracture mechanics to
(empirically) predict the number of
cycles spent in crack propagation and
hence the minimum expected total
life. Furthermore, from the demon-
strated sensitivity of the propagation
life to initial width of the flaw, it
would seem that the fatigue life of a

“weldment in service should be as-

sumed to be no better than that result-
ing from the largest flaw (through-
thickness dimension) which may be
permitted or remain undetected by the
post fabrication nondestructive inspec-
tion standards used.
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Fatigue of High-Yield-Strength Steel Weldments

Cyclic response studies for three high-yield-strength steels reveal marked
differences in behavior between buh‘ welds exhibiting toe fallur Ires gnd |
eference Room

those initiating cracking at internal weld disconfinuities Civil Engineering Department
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BY J. B. RADZIMINSKI AND F. V. L’AWRE,NCE, Jr.
L Urbana, Illinois 61801

ABSTRACT. An investigation of the fatigue

resistance, under uniaxial loading, of
plain plates (mill-scale intact) of three
high-yield-strength steels—HY-80, HY-
100 and HY-130—has indicated that the
cyclic behavior of all three materials
*may be reasonably described by the same
S-N curve within the range of lives from
approximately 10* to 106 cycles. A sim-
ilar uniformity of response was observed
for full penetration butt welds fabricated
using each of the base metals, and in
which fatigue failures initiated at the toe
of the weld reinforcement,

In contrast, considerable scatter in fa-
tigue lives was encountered at a partic-
ular stress level for weldments in which
fatigue crack initiation occurred at in-
ternal weld discontinuities. This scatter
could not be attributed solely to the type
of defect present at the crack initiation
site as described either by NDT inspec-
tion prior to testing or from examination
of the fracture surface after failure. Fur-
ther, it was found that one- or two-
dimensional radiographic descriptions of
weld defect size and arrangement, com-
monly used as a measure of defect sever-
ity with respect to structural integrity
under a single load application, could
not be used to reliably estimate the total
fatigue response of weldments containing
one or more detected defects.

Introduction

Object and Scope of Investigation
There has been considerable inter-

est in recent years in the development

of steels of increasingly Thigher
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':\strengths intended for a variety of
' fw'=lded
prime. concern in the evaluation of

structural applications. Of
candidate steels has been the require-
ment that the weldments exhibit satis-
factory _performance under various
environments and service loading his-
tories. The present study was under-
taken to evaluate the behavior, under
repeated loads, of both plain plates
and butt-weldments prepared using
three grades of heat-treated steel with
minimum nominal yield strengths of
80,000, 100,000 and 130,000 psi.

To examine the relative influence of
differences of material and geometry
on the fatigue resistance of weldments
of the three steels, specimens were
fabricated from plates varying in
thickness from '/, to’ 1!/, in. using,
where possible, welding procedures
representative of field practice. The
specimen types investigated included
plain plates with the mill-scale intact
(referred to herein as ‘“‘as-rolled”),
surface-treated plates, and full pene-
tration butt weldments tested both
as-welded and with the weld rein-
forcement removed. Additionally, sev-
eral series of the butt welds were pre-
pared with intentionally induced de-
fects, slag, porosity, incomplete fusion,
etc., to determine the relative influence
of these defects on the fatigue re-
sistance of the welded details.

The fatigue tests were conducted
using constant stress amplitude, uniax-
ial loadings with the imposed stress
levels adjusted to produce fatigue lives
in the range from several thousand to
several hundred thousand cycles. The
lives obtained for weldments exhibit-
ing internal crack initiation have been
compared with S-N curves determined
for base metal specimens and for
weldments in which failure initiated at
the toe of the weld. An attempt has
been made also to relate internal de-
fect type and size with fatigue behav-
ior.

v PDmmnn immee Cerine m e

Material

Three grades of high-yield-strength
steel were used in the study: HY-80,
HY-100 and HY-130. The chemical
composition and mechanical proper-
ties of the various heats of each of the
steels are presented in Tables 1 and 2,
respectively.

For the weldments fabricated using
the HY-80 and HY-100 steels, manu-
al shielded metal-arc welding was util-
ized, while both shielded metal-arc
and gas metal-arc welding processes
were used in the preparation of the
HY-130 weldments. The majority of
the HY-80 specimens were fabricated
with E11018 covered electrodes; both
E12018 and E11018 electrodes were
used for the HY-100 weldments.
Three bare wire electrodes and one
covered electrode were used in the
preparation of the HY-130 welded
specimens. The chemical composition
of each of the HY-130 filler metals is
given in Table 3.

Specimen Preparation

Full penetration, double-vee groove
welds were used for the welded fa-
tigue specimens. Typical welding con-
ditions for the fabrication of speci-
mens using both the shielded metal-
arc and gas metal-arc processes are
listed in Table 4. For weldments using
each of the procedures of Table 4,
static tensile test specimens prepared
in accordance with NAVSHIPS
0900-006-90101 exhibited failure in
the base metal, demonstrating an ac-
ceptable overmatching of the strength
of the weld metal to that of the base
metal. All of the procedures produced
welds of sufficient ductility to with-
stand a 180 deg bend without crack-
ing when subjected to sidebend tests
using a mandrel radius of 2t.

The same welding procedures as
those presented in Table 4 were used
to prepare the test weldments contain-
ing intentional defects, except that

A e« 1TOEAN



Table 1—Chemical Composition of Base Metals*®

p——— e e —

HY-80

Base metal and heat number
—————— HY-100 ~—~———— HY-130 ————

Element19595-1 20995 695344 N31543 73A661 N15423 3P0074 5P0540 5P2004 5P2456
Chemical composition, %

[ 0.18 0.15 0.16 0.17 0.15 0.20 - 0.11 0.12 0.11 0.10
S 0.021 0.019 0.019 0.009 0.016 0.014 0.006 C.003 0.006 0.004
P 0.010 0.018 0.021 0.010 0.012 0.010 0.008 0.004 0.003 0.007
Mn 0.32 g.28 0.33 0.28 0.31 0.30 0.78 0.79 0.88 0.84
Si 0.20 0.25 0.26 0.27 0.22 0.21 0.29 0.35 0.35 0.24
Ni 3.01 2.95 2.86 2.29 2.49 3.00 5.03 4.96 4.95 4.92
Cr 1.47 1.40 1.61 1.31 1.53 1.60 0.56 0.57 -0.53 €.54
Mo 0.48 . ..0.41. . 0.48 -. 0,32. :0.36 0.50 0.42 0.41 0.50 0.50
\ YR = 7 nr — 0.05 0.057 0.08 0.08

“Cu . - = .."0.16 - ;. —~ " 0.06 Z:C.04 0.11 — - 0.07 0.06
Ti —_ = - — 0:001 — —_ — — C.04
Al = —_ T — —_ - - 0.015 C.048 — —
a Mill report: -

specific measures were taken (strip-
ping of electrode coating, wetting of
bare wire, weaving back over a de-
posit to entrap slag, etc.) to deposit
specific types and quantities of flaws in
the weldments. Detailed descriptions
of the precise techniques used in the
deposition of the weld defects are
presented elsewhere;>? however, it
should be noted that it was not always
possible to hold the defect sizes within
the tolerances desired. Thus, several
test specimens contained flaw sizes
exceeding the nondestructive test
(NDT) standards used in the rating of
the weldments, as discussed subse-

quently.
The majority of the butt weldments
containing intentionally introduced

defects were tested with the weld rein-
forcement removed. This was accom-
plished by machining the surfaces of
the welded plate in the region of the
weld ‘and for several inches to either
side thereof, followed by a final polish
with a belt sander in the direction of
subsequent load application. Remov-
ing the weld reinforcement precluded
the possibility of fatigue crack initia-
tion at the stress raiser associated with

the toe of the weld, thereby permit-
ting evaluation of the effect of the
internal defects on the fatigue behav-
ior of the weldments. In addition, the
polished surfaces of the test plates
permitted higher definition of the in-
ternal defects detected by radiography
and, where ultrasonic inspection was
used, provided a good contact sur-
face between the test plate and the
transducer.

The plain plate fatigue specimens of
each of the three steels were tested in
the as-rolled condition, i.e., with the
mill-scale surfaces intact. Although no
particular effort was made to protect
the plates before testing, the region of
the specimen in the vicinity of the test
section were Inspected visually to in-
sure that no obvious surface nicks
were present. The HY-130 plates used
Jater in the investigation were received
descaled (grit-blasted) and painted;
several plain plate fatigue specimens
were tested using this plate stock for
comparison with the behavior of the
as-rolled material. In addition, the
surfaces of several HY-130 specimens
were polished before testing as de-
scribed above for the weldments; this

Table 2—Mechanical Properties of Base Metals®

———Properties in longitudinal direction——

Plate Elonga- Reduc- Charpy
thick- Yield Tensile tion in  tion in V-
Heat ness, strength® strength, 2in., area, notchr,
Steel number in. Ksi ksi % % ft-b
HY-80 19595-1 11/, 80.5 101.1 29.0 74.8 103
20995 1/, 87.3 105.0 25.0 69.4 138
695344 11/, 83.5 108.3 22.6 69.2 92
N31543 K 90.0 109.2 25.3 70.4 136
HY-100 73A661 34 105.9 121.6 22.5 71.5 93
N15423 3y 110.0 127.5 23.0 71.1 83
HY-130 3P0074 Ve 138.0 144.0 20.0 69.8 1024
5P0540 1 138.5 149.0 20.5 67.5 834
5P2004 1 141.6 152.0 20.0 63.8 904
5P2456 1 140.4 149.2 20.0 €4.4 83
* Mill report.

10.29% offset.
“ At — 120° F uniess otherwise noted.

d At 0°F.

ever,

was done to obtain some measure of
the difference in fatigue resistance
which might be anticipated between a
polished laboratory test specimen, and
the same material examined in a state
more closely resembling an in situ
condition.

Nondestructive Test Procedures, Ratings

After fabrication, the welded mem-
bers were subjected to radiographic
inspection at a sensitivity level of two
percent. The comparators of Refer-
ence 4 were used as interpretive
guides to aid in the identification of
the internal defects shown on the radi-
ographs. The weldments were then
classified as either ‘“‘acceptable” or
“unacceptable” in accordance with the
radiographic inspection standards®
given in NAVSHIPS Specification
0900-006-9010.%

In addition to radiography, ultra-
sonic inspections were performed on
the majority of the HY-130 weld-

. ments included in the study. The

procedures used were in accordance
with NAVSHIPS requirements.6 How-
since the HY-80 specimens
tested early in the program were not

= Esscntially, these standards of accept-
ance are based on a one- or two-dimension-
al expression of defect concentration (i.e.,
length of slag deposit or lack of fusion:
number of dispersed pores: density, align-
ment, and total weld area reduction for
clustered porosity, etc.). For example, a
6 in. length of weld in a 1 in. thick plate
may exhibit a maximum length of lack
of fusion or lack of penetration of 0.167
in. for an individual indication, or a total
accumulated length for multiple, aligned
indications of 0417 in. For elongated slag
deposits, the maximum acceptable length
of an individual indication is 0.375 in. and.
for multiple aligned indications, the total
permissible accumulated length is 1 in. The
limitations on dispersed pores are based
on a combination of size, density, and
total defect area. For a 1 in. thick plate
a 6 in. length of weld may contain a max-
imum of 21 dispersed pores of assorted
sizes varying in diameter from 0.0275 in.
to 0.125 in.. lowering to a maximum of 5
pores if all are approximately of 0.125 in
diameter. Regardless of size distribution.
the maximum area of porosity may not
exceed 1% of the weld cross-sectional area
(plate thickness x length of weld). Pores
are considered ‘‘clustered’” when a group
of five or more pores can be circumscribed
by a circle of 0.5 in. diameter (for a 1 in.
plate). such clusters being considered un-
acceptable if the sum of the diameters of
the pores in the group exceeds 0.5 in. Re-
strictions are also placed on the alignment
of individual pores. with such restrictions
including a measure of the number, size,
and total included length of the pores in
the group. as well as the proximity of the
group of indications to another aligned
group. For both the clustered porosity and
the aligned pores, the same 1< limitation
on total porosity area noted above is
applicable as an additional criterion for
acceptance. Finally, all indications of weld
cracking are considered unacceptable by
the standards. -

The HY-130 weldments were rated. with
respect to limitations on porosity. in ac-
cordance with recommendations proposed
by the U. S. Steel Corporations’

Metz Reference Room
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inspected-.ultrasonically, only the radi-
ographic inspection results were used
in rating the weldments fabricated
from each of the three steels. Addi-
tionally, both ultrasonics and radiog-
raphy were utilized in an attempt to
determine the time to initiation of
fatigue cracks at internal weld defect
sites, and to obtain a measure of the
propagation of such cracks before
they penetrated the plate surfaces.
The results of this study are presented
by the authors in a companion paper.?

Test Procedure

Details of the plain plate and of the
butt-welded fatigue specimens are
shown in Fig. 1. The welded speci-
mens were tested with the axis of the
weld oriented normal to the direction
of loading, thereby subjecting the en-
tire cross-section of the weld to the
same range of stress. The width of the
specimens in the test section varied
from 2 to 4 in., depending upon the
thickness of the test plate and the
magnitude of the desired stresses; the
width was made as large as possible
within the capacity of the test equip-
ment.

The fatigue tests were conducted
under pulsating tension loading (stress
ratio, R = Sppn/Smax = 0). All
specimens were tested in 200,000 Ib
capacity Illinois’ lever-type fatigue
machines which operate at a speed of
approximately 150 cpm. A diagram of
the essential features of the testing
machines is shown in Fig. 2.

Fatigue failure was taken as the
number of cycles at which a crack
progressing through the test specimen
caused a preset micro-switch to shut
off the testing machine. Cycling was
continued at reduced loads until com-

plete fracture occurred so that the:

fracture surfaces of the specimen
could be exposed and examined. In all
cases, less than a 1% increase in
fatigue life was obtained from the
time of machine shut-down to com-
plete rupture.

Analysis of Data

For materials subjected to constant
amplitude,” controlled stress cycling, a
linear log-log relationship generally
may be established empirically be-
tween applied stress and fatigue re-
sponse for failures occurring over
several orders of magnitude of life. In
the present study, regression analyses
of the fatigue data obtained from tests
of each of the various specimen types
were performed by applying the meth-
od of least squares® to the linear
logarithmic expression between fa-
tigue life, N, and applied (nominal)
stress, S':

Metz Reference Room

Table 3—Chemical Composition of Electrodes Used for Welding HY-130 Steel

Electrode designation  AX-140°  5Ni-Cr-Mo" L140¢ M140184

Heat number 1P0047 50646 106140 1P1375

Electrode type Bare wire  Bare wire Bare wire Covered electrode

Electrode diameter, in. 11 16 1 5/ Hie

Element Chemical composition, %

C 0.097 0.11 0.11 0.077 0.081
S 0.007 0.006 0.007 0.003 0.004
P 0.006 0.004 0.008 0.003 0.003
Mn 1.85 0.75 1.72 1.91 1.85
Si 0.30 0.38 0.36 0.42 0.39
Ni 2.10 5.03 2.49 2.08 1.92
Cr 0.91 0.61 0.72 0.71 0.73
Mo 0.54 0.47 0.88 0.43 0.43
\ — 0.01 0.01 — -
Cu — — 0.08 — —
Ti 0.01 0.015 — — —
Al 0.018 0.01 — — —
N 0.013 0.004 — — —
0 0.015 — — — —

® Air Reduction Co.,

b U. S. Steel Corp.

¢ Linde Division, Union Carbide Corp.

d The McKay Company.

Table 4—Procedures for Preparation of Butt Welds
Base metal
Welding —_
parameters HY-80 HY-100 HY-130
Electrode E11018 E11018  E12018 AX-140* 5Ni-Cr- L140c M140184
Mov
Welding process® SMA SMA SMA GMA GMA GMA SMA
Electrode diam-
eter, in. 532 %16 %32 315 Sa s Vs e Yie /a2, ¥/ 15

Current, amp 130-220 130-220 130-220 290-340 290-320 285-330 150-210

Voltage, v 21 21 21 29 28,29 28,29 22

Preheat temper-

ature, °F 150 150 150 275 200 225 200

Interpass tem-

perature, °F 200 200 200 225 200 225 200
Max. heat input,
kjoules/in. 40 40 40 45 45 45 37.5
Arc travel speed,
ipm 5-8 5-8 5-8 13,16 13,14 13,14 6-8
Shielding gas — — —_ Argon, Argon, Argon, —
2% O» 2% 0, 2% 0.

Joint geometry Double Double Double Double Double Double Double
veeb0 veeb0 veeB0 vee60 veeb60 veeb0 vee60
deg. deg. deg. deg. deg. deg. deg.
incl. incl, incl. incl. incl. incl. in~1
angle angle angle angle angle angie angle

* A;r Reduction Co.
b y. S. Stee! Corp.
¢ Linde Division, Union Carbide Corp.
4 The McKay Company.
*SMA—shielded metal-arc; GMA—gas metal-arc.
Table 5—Fatigue of HY-130 Plain Plates—0 to 80 ksi Stress Cycle
——— Mill-scale intact ——————— Polished —————Descaled and painted—
Specimen Life, Specimen Life Specimen Life,
no. cycles no. cycles no. cycles
NA-1 64,200 NA-13 304,300 NE-1 330,800
NA-2 60,900 NA-15 208,800 NE-5 252,700
NC-13 59,800 ND-3 249,000
NA-5 51,100 ND-2 187,800
NC-14 50,500
Avg. 57,300 Avg. 256,500 Avg. 255,100

log N =C+ mlogs$

or

N =k S

[1] are considered empirical
which are dependent upon the materi-

where k = log-!C. Both k4 and m

constants
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Fig. 2—Schematic diagram of fatigue testing machine

al and the type of specimen being
tested, as well as upon the nature of
the loading spectrum.

S-N curves were generated with the
above relationship using data for spec-
imens tested at cyclic stresses equal
to or below the nominal material yield
strength as the upper limit, and for
stresses resulting in fatigue lives on the
order of 2 x 10% cycles at the lower
limit.

Test Results and Discussion
Plain Plates

The fatigue results for plain plate
specimens tested with mill-scale intact
are shown in Fig. 3 for the three

grades of steel examined. As seen in
Fig. 3, the fatigue lives at the several
stress levels are quite similar for the
three steels. Since analysis of the data
sets for each of the steels individually
resulted in essentially coincident re-
gression lines, a single S-N curve was
generated to represent the combined
data for all of the as-rolled plates.
This similarity of response among the
three steels was found to extend to the
butt weldments as well; subsequent dis-
cussions of the cyclic behavior of the
welded joints thus may be considered
equally applicable to each of the ma-
terials.

It should be noted that the single
curve of Fig. 3 is representative of the

combined data specifically for the sur-
face condition (mill-scale intact)con-
sidered. Schwab and Gross,® and
Haak, et al.20 found that, for polished
rotating beam specimens tested in air,
fatigue strength increased with in-
creasing tensile strength for lives be-
yond approximately 10¢ cycles to fail-
ure. This suggests, then, that surface
condition influences considerably the
fatigue response of these materials,
especially with regard to the number
of cycles undergone prior to crack
initiation.

Effect of Surface Finish. To obtain
a measure of the effect of surface
finish on fatigue, HY-130 specimens
were tested with plate surfaces either
polished or descaled (grit-blasted)
and painted. These tests, conducted at
a stress cycle of 0 to 480 ksi, resulted
in an average fatigue life of 255,000
cycles for both treatments, or a four-
fold increase in life over the average
exhibited by the specimens tested with
the mill-scale intact, as seen in Table
5. Similar variations in fatigue resist-
ance between as-rolled and polished
plates have been reported for other
high-yield-strength steels as well.11

Examination of the fracture sur-

" faces after testing generally revealed

single crack initiation sites for the
polished and for the descaled and
painted specimens, usually occurring
at or near a corner of the test section.
The as-rolled HY-130 plates, howev-
er, contained a loose mill-scale surface

. underlain by a coarse oxidized layer

(see Fig. 4), the surface of which
served as the site for the formation of
multiple fatigue cracks dispersed over
the entire specimen test section. Fol-
lowing the coalescence of several such
cracks into a single, continuous line,
propagation then progressed through
the cross-section of the specimen.
Since the rate of crack propagation
has been found to be very nearly the
same for the HY-80 and HY-130
steels,’ 12 the similarity in fatigue
response of the as-rolled plates of the
three materials may be attributable to
a like number of cycles being required
to initiate cracking (on a macro-
scale), such initiation, in turn, being
governed by the plate surface condi-
tions. Also, with the HY-130 speci-
mens, the plate surface treatments
were apparently responsible for delay-
ing the initiation of fatigue cracking,
thereby providing the increased fa-
tigue lives reported in Table 5.

From the above, it is evident that
the fatigue behavior of these high-
strength steels, to be fully described,
must be expressed not only in terms of
the applied stresses, but by the type
and condition of the test specimen
(and testing environment) as well.
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Butt Welds ment contour. Comparison of the be-  to the earlier activation of fatigue

A summary of the fatigue tests of
the butt-welded specimens (both as-
welded and with the weld reinforce-
ment removed) fabricated using each
of the three base metals is presented
in Table 6. The nondestructive test
ratings are based on the results of
radiographic inspection; specimens
failing the radiographic standards
were tested without repair to provide
some indication of the applicability of
the standards in designing for fatigue.

Toe Initiated Failures. The fatigue
test results for the butt-welded speci-
mens initiating failure at the toe of the
weld are shown in Fig. 5. As with the
plain plates, the data for the three
steels have been combined to generate
a single S-N curve. A photograph of a
typical fracture surface for a speci-
men in which failure initiated at the
weld toe is shown in Fig. 6.

The range of fatigue lives obtained
at each of the stress levels used is
within the normal scatter expected of
. specimens having a common joint ge-
ometry and similar weld reinforce-

AL

Fig. 4—Photomicrograph of HY-130 plain
plate with mill-scale surface intact.
X750 (reduced 44% on reproduction)

havior of the weldments exhibiting toe
initiated failures with the S-N curve
data for the plain plates in Table 7
shows a marked reduction in fatigue
strength for the as-welded specimens
at the longer lives corresponding to
nominal stresses which are well within
the elastic range of each of the three
steels. At 500,000 cycles, for example,
a fatigue strength of 27.5 ksi is indi-
cated by the S-N curve for the as-
welded specimens, or just slightly
more than half the 50 ksi fatigue
strength found for the base metal.
This significant difference in behavior
between the as-welded and the plain
plate specimens is attributable in part

cracking -in the weldments, resulting
from the concentration of stress intro-
duced by the geometry at the toe of
the weld.

The difference between the fatigue
resistance of the butt-weldments ex-
hibiting failure at the toe of the weld
and the base metal specimens dimin-
ishes at shorter lives corresponding
to the higher stress amplitudes. In this
low cycle region, the number of cycles
to crack initiation was observed to
occupy a proportionately smaller per-
cent of tue total life of a specimen
than at the lower stress levels. With
the major portion of life thus spent in
crack propagation at the high stress

Table 6—Summary of Fatigue Fest Results —Butt Welded Specimens

Radiographic —-Site of fatigue crack initiation, no. tests-—

— survey -— Mul-
Toe Dispersed Slag, Lackof tiple
) No. of pores, elong. fusionor de-
Steel Condition Rating tests weld porosity voids penetration fects Other
As-Welded Pass 11 11 0 0 0 0 0
R Fail 4 4b 0 0 0 0 0
HY-80" "
Reinforcement Pass 33 — 16 9 0 0 8
Removed Fail 28 — 7 11 5 4 1
As-Welded Pass 26 16 7 0 3 0 0
Lo Fail 0 0 0 0 0 0 0
HY-100- "~ . *
. Reinforcement Pass 12 — 7 0 0 0 5
Removed Fail 4 —_ 3 0 0 1 0
As-Welded Pass 35 12 2 0 13 2 6
Fail 6 2 1 0 0 2 1
HY-130 ‘
Reinforcement Pass 26 — 4 3 7 4 8
Removed Fail 19 _ 4 5 5 3 2

* Onbase metal surface removed from region of weld; at cracks perpendicular to weld axis;

in nugget papilla of weld bead; etc.
b Crac¢king initiated at weld undercut.
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amplitudes, the similarity in behavior
of the plain plates and the weldments
is to be expected. Moreover, if only
the crack propagation phase of the
total fatigue lives is considered, the
two specimen types should exhibit
essentially the same behavior. *

Internally Initiated Failures. The
fatigue test results for all butt-welded
specimens in which fatigue cracking
initiated internally are shown in Fig.
7. The data are for specimens both
as-welded and with the weld reinforce-
ment removed, and which were rat-
ed acceptable in accordance with the
radiographic standards wused. Also
shown are the S-N curves for the plain
plate specimens, and for the butt-
weldments which exhibited failure at
the toe of the weld. Photographs of
typical specimens initiating fatigue
cracking at the site of various internal
defects are shown in Fig. 8.

The most significant aspect of the

Fig. 6—Photograph of fracture surface
of butt-welded specimen in which fa-
tigue cracking initiated at the toe of
the weld

alent to those of specimens exhibiting toe failures

data presented in Fig. 7 is the very
large scatter in fatigue lives at the
several stress levels investigated, ex-
ceeding two orders of magnitude of
life at a stress cycle of 0 to +50 ksi.
Such wide variations in life are not
unexpected in view of the many differ-
ent types (and sizes) of internal weld
discontinuities present at the crack
initiation sites—Table 6. To ascertain
if a particular type of defect was
associated primarily with failures oc-
curring at either extreme of the range
of lives observed for tests conducted
at one stress level, the fatigue data
have been grouped by defect type and
compared, in Figs. 9 and 10, for
maximum cyclic stresses of 50 ksi and
80 ksi, respectively.

The defect types specified in Figs. 9
and 10 are those actually observed at
the internal crack initiation sites re-

- gardless of the radiographic descrip-

tions of the weldments. These defects
were not always the ones which ap-
peared to be most severe on inspec-
tion prior to cycling. Consequently,

when the fatigue data for specimens
failing the nondestructive test stand-
ards are included in the comparisons
of Figs. 9 and 10, they are seen often
to have exhibited lives equal to or
exceeding the lives of specimens rated
as acceptable by the standards. The
role of nondestructive testing in the
estimation of fatigue response is dis-
cussed in detail later.

Inspection of Figs. 9 and 10 shows
that the scatter in fatigue lives of
specimens initiating internal cracking
is only slightly diminished when the
individual defect types are considered.
Nor can the wide ranges of lives be
attributed to differences among the
three steels, as indicated by Fig. 11,
wherein the data for failures initiating
at both spheroidal and planar-type
defects are presented for each steel
individually. It was found also that
there were no differences in fatigue
behavior which could be related to
one or another of the several elec-
trodes used in the preparation of the
HY-130 weldments, when failure initi-

Table 7—Comparison of Fatigue Strengths of Plain Plates and Butt Welds

Type of Fatigue life,
specimen cycles

Plain plate, mill-scale 20,000
intact 100,000
500,000

2,000,000

Butt weld, as-welded 20,000
(failure at toe of weld) 100,000
500,000

2,000,000

Percent of

Fatigue plain plate
strength, ksi fatigue strength

100 -
71 —
50 —
37.5 —
86 86
48.5 68
27.5 55
(16.5) 44

2 Estimdted.

C 3 B
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ated at like defects. About the only
conclusion afforded by the compari-
sons in Figs. 9 through 11 is the broad
generalization that the planar discon-
tinuities can be somewhat more
deleterious to the fatigue strength of a
welded joint than the spheroidal de-
fect configurations associated with
porosity.

It would be reasonable to assume
that the total fatigue life of a weld
containing internal discontinuities is
dictated by a variety of interacting
factors, including the dimensions of
the defects, the proximity of one de-
fect to another and to the surface of
the test specimen, and, for certain
states of applied stress, the nature of
the residual stress field. For the
weldments tested in this program, an
attempt was made to correlate, for an
individual type of defect, defect size
with fatigue life at a specific stress
level. In Fig. 12, the fatigue lives of
specimens initiating fatigue cracking
at clustered porosity are compared on
the basis of a simple two-dimensional
representation of the cluster (i.e., the
total area of all pores in the cluster
observed on the weld fracture surface,
reported as a percentage of the speci-
men cross-sectional area).

Although a certain trend toward a
reduction in fatigue life with increas-
ing defect area may be seen, the trend
is far from convincing. An even less
consistent correlation was encoun-
tered when the specimens were com-
pared on the basis of defect area
measured from radiographs obtained

the surface of the specimen. This was
to be expected, for cracks initiating at
one elevation in the weldment (on a
plane through the -weld and perpendic-
ular to the faces of the specimen)
would progress normal to the direc-
tion of loading and be relatively
unaffected by the presence of pores
located at other elevations. It is evi-
dent, therefore, that a planar measure
of defect density such as total area
reduction, although adequately quan-
tifying the degree of deviation of a
weld from complete soundness and,
presumably, offering a measure of the
integrity of the weld under static load,
cannot in itself be used to reliably
predict the total performance of the
weldment under cyclic loading.®

A similar comparison between de-
fect size and fatigue life, for welds
containing lack of fusion or lack of
penetration, is presented in Fig. 13,
where the ordinate is the length of the
discontinuity parallel to the weld
axis, measured on the specimen frac-
ture surface. As with the clustered
porosity, it can be seen from Fig. 13
‘that this measurement was not a par-
ticularly reliable indicator of fatigue
behavior, at least for specimens on the
order of an inch or less in thickness
and for which failure is assumed to

* This observation is limited to the con-
ditions considered in this study, i.e., the
behavior of weldments in which the area
reductions for porosity are of the order of
19 or less. Other investigators have re-
ported a reasonable correlation Dbetween
fatigue life and defect -area for area re-

have occurred when a crack has pro-
gressed through the thickness of the
plate.

Stages of Initiation and Propaga-
tion of Cracks Originating at Internal
Defects. If neither defect length nor
area as defined above are satisfactory
indicators of cyclic response for
weldments exhibiting internal crack
initiation, the question remains as to
whether some one- or two-
dimensional parametric quantities rep-
resentative of an internal defect can
be satisfactorily used to estimate fa-
tigue behavior. The results of a com-
panion study? have indicated that the
duration of crack propagation could
be reasonably well described in terms
of the through-thickness dimension of
the defect at the initiation site, the
proximity of the defect to the surface
of the specimen, and the ratio of
defect (initial crack) width to speci-
men thickness. With the notch geome-
try at the tip of an advancing fatigue
crack being the same regardless of the
configuration of the original defect at
the initiation site, it was possible to
apply fracture mechanics concepts to
relate the rate of crack propagation
to crack width and nominal applied
stress, the total number of cycles of
propagation available before failure
then becoming a function of plate
thickness and the distance from the
crack to the specimen surface. For
specimens containing identical defect
types (having similar boundary geom-
etries which could be expected to
foster crack initiation at the same
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stress), the total fatigue lives would be
expected to vary as an inverse func-
tion of the through-thickness dimen-
sion of the initial defect. This in fact
was the case, as seen int Fig. 13, where
four specimens containing continuous
lines of incomplete penetration and
tested at a stress cycle of 0 to +50
ksi exhibited fatigue lives wvarying
from approximately 10%* to 105 cy-
cles, the shorter lives associated with
the wider defect bands and vice versa.

Although the crack propagation
stage of the fatigue life of specimens
exhibiting internal crack initiation can
be reasonably well defined as indi-
cated above, the number of cycles
required to initiate active (macroscop-
ic) cracking at a defesct site is more
difficult to ascertain.” This arises in
part from the difficulty encountered in
quantifying those parameters critical
to crack nucleation, especially the
notch geometry at the defect bound-
ary which will, in turn, dictate the
local cyclic strain history in the mate-
rial immediately adjacent to the flaw.
For example, in some of the speci-
mens tested, crack initiation was en-
countered at a single pore well re-
moved from a seemingly more critical
cluster of porosity; in other specimens
cracking initiated along a short line of
incomplete fusion encompassed by a
porosity cluster and hidden from non-
destructive test detection by the clus-
ter.

It is difficult to establish a reason-
able measure of the number of cycles
necessary to initiate an active (macro-
scopic) fatigue crack at a specified
stress level. For this reason it may be
well to consider only the propagation
stage in estimating the response of a
weldment under repeated loads. At
stresses approaching the yield strength
of the test material, such an approach
may be reasonable. This is because the
attendent high rates of propagation
would render the consequences of
failing to detect a small but severe
discontinuity quite critical, since early

Fig. 8—Photographs of fracture surfaces
of butt-welded specimens in which fa-
tigue cracking initiated at: A—porosity;
B—slag inclusions; C—Ilack of fusion

initiation could result in extensive
crack growth before a routine period-

" ic service inspection were performed.

At lower nominal stresses, the use
of only the crack propagation life may
seem unduly conservative, for the
number of cycles of load application
before initiation could occupy a pro-
portionately larger part of the speci-
men’s total fatigue life. However, at

the lower stresses, toe failures may
become relatively more critical—Fig.
7. In such cases, design stresses based
on a regression curve for members
failing at the toe of the weld, using an
appropriate factor of safety, may be
adequate to cover the range of lives
encountered with internally initiated
failures as well.

Application of NDT Standards to
Estimation of Fatigue Behavior

Acceptance standards based on the
data obtained from such nondestruc-
tive test (NDT) techniques as radiog-
raphy and ultrasonics traditionally
have been used as a means of limiting
the types and concentration of inter-
nal discontinuities permitted in a
weld, thereby ensuring the integrity of
the wzlded member or structural com-
ponent under a single application of
load. The effectiveness of these stand-
ards as measures of the resistance of
the weldments to repeated loads, how-
ever, bears further examination.

When the presence of appreciable
concentrations of such defects as clus-
tered porosity, slag inclusions, or con-

tinuous lines of incomplete fusion was -

clearly distinguished by radiography,
fatigue crack initiation generally oc-
curred = at these defects in the
weldments subjected to axial fatigue.
Exceptions to this rule were not
uncommon, however, espécially for
weldments in the higher strength HY-
130 steel; for example, it was found
that cracking occasionally initiated at
a single, isolated pore or at a small
planar defect even when the presence
of other larger flaws was indicated on
the radiographs. Further, several speci-
mens classified as ‘“sound” (defect-
free) weldments by radiographic in-
spection failed at internal locations
containing intermittent lack of fusion,
very small. pores or, for the HY-130
gas metal-arc welds, in the region of
deep weld bead penetration (nugget
papilla) common to weldments fabri-
cated using the gas metal-arc process
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and the argon-oxygen shielding gas.1s

Even if it were possible to select,
from the results of a nondestructive
testing inspection, the site at which
fatigue cracking would be most likely
to initiate, it was found that the type
of defect at the crack origin could not
be used reliably as the basis for esti-
mating the expected fatigue life of the
weldment. It was found, further, that
the dimensional parameters of defect
severity commeonly used for standards
of acceptance by radiography (e.g.,
size and density of porosity as ex-
pressed by total defect area, or length
of incomplete fusion or penetration in
the direction of the weld axis) offered

only a slightly better correlation with
total fatigue life. Such quantities, by

themselves, appear to be inadequate

as a foundation upon which to estab-

lish standards relevant to the design,

for repeated axial loads, of the type of

wzldments examined herein.

For welded members and details in
which fatigue failure is defined as the
number of cycles at which a crack has
penetrated through the thickness of
the plate, it was noted earlier that the
propagation phase of the total lifetime
could be estimated with some reliabili-
ty if the through-thickness dimension
of the crack-initiating defect, the
proximity of the defect to the plate

surface, and the cyclic stress can be
determined. It would seem reason-
able, then, to use the above parame-
ters for establishing quality standards
required of weldments designed to
withstand a finite number of load
cycles; such standards would be con-
servative, for only the propagation life
fraction would be used. Because of
the difficulty in estimating the number
of cycles to crack initiation, it would
normally be unwise to depend upon
that segment of the total fatigue life in
design.

Conclusion ,
The behavior under repeated axial
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loads of plain plates and butt
weldments of  three  high-yield-
strength steels—HY-80, HY-100 and
HY-130—has been studied. The re-
sults of the fatigue tests, using a stress
cycle of zero-to-tension, have indicated
the following:

Within the range of lives from ap-
proximately 10* to 10% cycles, the
fatigue behavior of the plain plate
specimens (with mill-scale surface in-
tact) was similar for the three steels,
and could be described by a single S-N
curve. Surface condition was found to
have a marked effect on the fatigue
resistance of the base metal speci-
mens. For the HY-130 material, the
fatigue lives of polished plates and
those with descaled and painted sur-
faces were essentially the same; at a
stress cycle. of 0 to -+80 ksi, the
average life of the plates with treated
surfaces was four times the average
for plates with mill-scale intact.

The fatigue behavior of butt
weldments (as-welded) of HY-80,
HY-100 and HY-130 steel in which
crack initiation occurred at the toe of
the weld reinforcement could be rep-
resented by a single S-N curve. For
these weldments, the reduction in fa-
tigue strength relative to the behavior
of the plain plate specimens was most
pronounced at the longer lives reflect-
ing, in part, the earlier initiation of
fatigue cracking in the welds at the
stress raiser provided by the toe of the
reinforcement. At 500,000 cycles, the
average fatigue strength of the welded
specimens was 27.5 ksi, in comparison
to the 50 ksi fatigue strength of the
plain plates.

Wide variations in fatigue life at all

test stress levels were exhibited by
butt-welded specimens in which crack-
ing initiated at internal weld discontin-
uities. The scatter in lives could not be
explained solely on the basis of the
type of weld defect initiating failure,
nor could it be attributed to differ-
ences in the base metal, the weld
metal or the welding process. Further,
the one- or two-dimensional character-
istics of the defect which are common-
ly used as the basis for radiographic
nondestructive  testing  acceptance
standards were found to be largely
inappropriate for estimating the total
life expectancy of a weldment with
internal flaws. The test data have indi-
cated, however, that the fraction of
the total life spent in (macroscopic)
crack propagation could be estimated
with reasonable reliability if the
through-thickness dimension (width)
of the crack-initiating defect, the posi-
tion of the defect relative to the speci-
men surface, and the nominal cyclic
stress were known.
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