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LIST OF SYMBOLS

Material constant

Fatigue strength exponent

Angle of inclination for LOF defect

Fatigue ductility exponent; also, crack length

Initial crack length
Final crack length
LOP defect width

Incremental crack growth rate

Crack propagation material constant

Elastic modulus
Nominal strain, range
True strain, range

True elastic strain, range

Fatigue ductility coefficient

True plastic strain, range
Threshold stress intensity factor

Stress intensity factor range
Cyclic strength coefficient

Fatigue notch factor

Elastic stress concentration factor

Length of LOF defect

Projected width of LOF defect |
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Crack propagation material constant
Cyclic strain hardening exponent

Number of reversals to failure (2 reversals = 1 cycle)
Fatigue crack initiation life

Fatigue crack propagation life

Total fatigue life

Transition fatigue 1ife

Notch radius
Stress ratio

Nominal stress, range

Minimum distance of LOF defect from sur® -
True stress, range

Fatigue strength coefficient

Plate thickness

Width of the weld at reinforcement position
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1. INTRODUCTION

1.1 Background

‘“J The influence of weld defects on the mechanical properties of
constructional grade aluminum alloy weldments has been the subject of con-
siderable recent interest. The influence of distributed porosity on the
tensile and fatigue properties of 5083 (and 6061) alloy weldments has been
recently investigated by the authors 2). In the fatique study {2),
defects other than the weld toe and/or distributed porosity (most notably
lack-of-fusion) were often found to result in substantially lower fatigue
lives than would be expected from sound, as-welded test pieces. Consequently
internal, planar, weld-defects such as lack-of-fusion (LOF) or incomplete
joint penetration (lack-of-penetration - LOP) must be considered potentially
serious defects from the point of view of fatigue resistance.

Dinsdale and Young (3) studied the influence of "douI;;\Bperator

defects" i.e., lack-of-fusion and incomplete penetration in 1/2-in. (12.7-mm)
thick AT-Mg-Mn alloys (NP 5/6 and NP 8). The exact dimensions of the LOP in
their study is not clearly stated, but the defects apparently persisted for the
full length of the weld and were between 14 to 25 percent of the thickness of
the joints, rather large defects by current U.S.N. standards (4,5). The re-
sult of Dinsdale and Young's work clearly shows that LOP and LOF defects can
reduce the fatigue resistance of both reinforcement intact (RI) and reinforce-

ment removed (RR) test pieces below the normal expectations for sound RI welds.




2. SCOPE OF PROGRAM

Zero to tension fatigue tests were performed on double-V butt welds
of 5083/5183 aluminum alloy which contained full-length LOP defects and
"natural", less-than-full-length LOF defects. The LOP and LOF defects were
incorporated in the welds using "improper" welding methods. The defects so
created were evaluated using normal incidence radiography and ultrasonic test
methods.

Fatigue tests were run on sound reinforcement intact (RI) and rein-
forcement removed (RR) welds and RI and RR welds containing full-length LOP
defects of various through thickness dimensions (2c). Fatigue tests were run
on RR welds containing various length "natural" LOF defects in order to study
the behavior of less-than-full length, inclined defects.

The total fatigue 1lives were predicted analytically. The effective-
ness of current U.S. Navy radiographic and ultrasonic test methods were examined

in the light of the experimental results.




3. EXPERIMENTAL PROCEDURES

3.1 Materials

The test specimens were machined from welded panels 24-in. (61-cm)
by 36-in. (92-cm) which were donated by Chicago Bridge and Iron Co. The
panels were fabricated from 5083 aluminum base metal using a 5183 wire elec-
trode and were 3/8-in. (9.6-mm) and 1-in. (25.4-mm) in thickness. The base
metal-filler metal combination and plate thicknesses used in this work are

the same as those used in previous studies of welds and 5083/5183 welds con-

taining porosity (2,6). The nominal mechanical properties of the plate mate-
rial and 5183 weld metal are given in Table 1. The typical chemical composi-
tion of 5083 base metal and 5183 weld metal are listed in Table 2. The

specimen nomenclature used in the study is outlined in Table 3.

3.2 MWelding Procedures

A11 welded panels were fabricated in the flat position using a gas-
metal-arc process. Sound weld panels (level 1), were welded using conventional
procedures. Three groups of panels were welded to intentionally produce small,
medium and large lack-of-penetration (LOP) defects and were designated by
severity as levels 2, 3, and 4. Lack-of-fusion weld panels containing inter-
mittent defects were also fabricated. A1l panels were furnished in the as-

welded state without any post-weld terminal treatment.

3.3 Test Piece Preparation

Fatigue test pieces were prepared by cutting 3 1/2-in. (89-mm) wide

strips from the welded panels. Radiographs of panels containing LOP defects
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showed a continuous defect while those of panels containing LOF indicated the
defects to be intermittent. Lack-of-penetration test pieces were therefore
continuously cut from one end of the supplied panels. Lack-of-fusion test
pieces were selectively cut from the panels with the aid of the panel radio-
graphs. A reduced cross-section having a gage length of 2-in. (51-mm) and
width of 2-in. (51-mm) for LOP test pieces or 2 1/2-in. (64-mm) for LOF test
pieces was machined into the strips. The LOF test pieces were wider to insure
the inclusion of the defect in the test section. To avoid problems with test
equipment, LOP test pieces to be fatigued at higher stress ranges had their
width reduced to 1-in. (25.4-mm). A1l test pieces were either 3/8-in. (9.6-mm)
or 1-in. (25-mm) in thickness. The reinforcement was removed from the LOF test
piec approximately half the LOP test pieces. The remainder of the test

p tested with the reinforcement intact. The geometry for a typical

:ce is shown in Fig. 1.

3.4 Non-Destructive Examination

After machining, all test pieces were examined and rated using radio-
graphic and ultrasonic inspection methods. Edge shot radiographs were taken
of both the LOP and LOF test pieces. Each test piece was ultrasonically in-
spected prior to testing. Prior to each test, the ultrasonic equipment was
calibrated with a standard test block as described by the U.S. Navy inspection

standard (see Appendix A) (4).

3.5 Fatigue Testing

The weld test pieces were tested to failure or approximately 107

cycles with a 50,000 1b MTS closed-loop hydraulic test apparatus (shown in




Fig. 2) at a frequency of 5 to 10 Hz under ambient laboratory conditions (20°C
and 50% relative humidity). A 600,000 MTS testing apparatus was used for the
1-in. (25.4-mm) LOF test pieces. Zero-to-tension (R = 0), sinusoidal, stress
cycles of 0 to 19 ksi (131.0 MPa) or 0 to 12 ksi (82.7 MPa) were employed.
These stress ranges were selected on the basis of the previous work of Sanders

and the authors (2,6). The testing program is summarized below:

LOP Defect Level

Thickness 1 2 3 4
Reinforcement in.  (mm) (sound)
RI 3/8 ( 9.5) 12 6 6 6
1 (25.4) 6 6 6 6
RR 3/8 ( 9.5) -- 6 6 6
1 (25.4) -- 6 6 6

In addition to the tests tabulated above, twelve 3/8-in. (9.6-mm) and
ten 1-in. (25.4-mm) test pieces, containing intermittent LOF defects with rein-

forcement removed (RR) tested.

3.6 Post-Test Examination

After fatigue testing, the fracture surfaces were examined, and the
defect size waé measured. The actual widths of the defects varied slightly on
the fracture surface, and the measurement of width was complicated by porosity
associated with the LOP. Lack-of-penetration width measurements were made at
the maximum width of the defect on the fracture surface or at the location of

crack initiation (see Fig. 3). Lack-of-fusion defects were inclined to the




fracture surface, and their widths were not readily measured. Approximate

measurements of the LOF widths were made from the edge shot radiographs as

shown in Fig. 4.

3.7 Low Cycle Fatigue Specimen Preparation and Testing

Smooth specimens for low cycle fatigue (LCF) testing were cut from
a 1-in. (25.4-mm) thick sound 5083/5183 weld panel. Fatigue testing was con-
ducted with an MTS 20,000 1b. closed-Toop hydraulic test apparatus (7) with
Wood's metal grips to ensure proper specimen alignment. Axial strains were
measured with a clip-on extensometer (see Fig. 5) for the 5083 base metal
specimens and calculated with an analog computer from measured load and dia-
metrical strains for the 5183 weld metal specimens. A completely reversed
(R =-1) sine wave was used to control specimen strain amplitude. Fight
specimens of both 5083 base metal and 5183 weld metal were fatigued to failure
under strain control to produce fatigue lives of 102 to 106 cycles. Monotonic

tension tests were performed on one specimen each of the weld and base metal.




4. RESULTS

4.1 Description of LOP and LOF Flaws

The fracture surfaces, normal incidence radiographs, and edge shot
radiographs of typical lack-of-penetration defects are shown in Figs. 6 and 7
for both 3/8-in. (9.6-mm) and 1-in. (25.4-mm) thickness specimens. The frac-
ture surfaces in Figs. 6 and 7 show that large amounts of porosity are asso-
ciated with the LOP. This porosity has been previously reported (3). There
was considerable variation in the distribution of the porosity along the LOP
defect as well as variation in the size of the porosity. The porosity shape
also varied from spherical to elongated, worm-hole porosity. ixamination cf
the gracture surfaces revealed that fatigue crack initlation ¢ocuwrred pre-
dominately grom the LOP defect and was not associated with the porosity.

Representative lack-of-fusion fracture surfaces and edge shot radio-
graphs are shown in Figs. 8 and 9. In contrast to the continuous LOP defects,
the LOF defects were crescent-shaped, intermittent defects and their length
was aligned with the axis of the weld: see Fig. 4. Unlike the LOP defects,
porosity was not associated with the LOF defects; but a dark oxide layer was
evident at the LOF defect internal surfaces.

The parameters used to characterize the LOP and LOF defects are
shown in Figs. 3 and 4. Dimensions of the LOP defects are listed in Tables 4
through 7. Tables 8 and 9 give the dimensions of the LOF defects. The LOF
defect width (2c0) ranged from 0.002 to 0.18-in. [0.51 to 4.6-mm) for 3/8-in.
(9.6~mm) thick test pieces and from 0.002 to 0.30-in. (0.51 to 7.6-mm) for

1-in. (25.4-mm) thick test pieces. The LOF defect projected width (Ro) did




not vary as much as the LOP defect length (2c0) and ranged from 0.05 to
0.08-in. (1.27 to 2.03-mm) and 0.08 to 0.30-in. (2.03 to 7.62-mm) for 3/8-in.

(9.6-mm) and 1-in. (25.4-mm) test pieces, respectively.

4.2 Results of NDT Evaluation

A11 test pieces were rated ultrasonically using Navy code NAVSHIPS

0900-006-3010 (4); i.e., Class I, II, III, or rejection as outlined in Appendix

A. Each test piece rating is given in Tables 10-16. Almost all test pieces
containing LOP defects were rated Class I: none were nejected. The test pieces
containing LOF were predominately rated as Class II or III. Several of the
3/8-in. (9.6-mm) thick test pieces were rated as Class I. The LOF 1-in.
(25.4-mm) test pieces was the only group which contained test pieces that were
rejected by ultrasonic inspection.

Radiographs of the LOP test pieces and sound test pieces were rated
by U.S. Navy code NAYSHIPS 0900-003-9000 (5) as outlined in Appendix B. A1l
sound welds received a Class I rating, and aff LOP test pieces wenre refected.
The radiographs of LOP defects were similar to those shown in Figs. 6 and 7.
Test pieces containing LOF defects were rated using the normal incidence panel

radiographs. ALL LOF test pieces were refected.

4.3 Fatigue Test Results: Sound RI Test Pieces

The test results for the sound RI test pieces are given in Table 10
and plotted in Fig. 10. A least-squares line shown solid in the figure was
fitted to the open symbol test data for both the 3/8 and 1-in. (9.6 and 25.4-mm)

thick test pieces. The solid symbols of the 3/8-~in. (9.6-mm) test pieces




(numbers 1 though 6 in Table 10) were not considered in the least-squares
fit because these specimens had large joint distortions. Such distortions
have been shown to significantly reduce weld fatigue 1ife (9). Results from
a prior study (2) are shawn as dashed lines in Fig. 10.

Comparison of the best-fit lines in Fig. 10 shows that the 1-in.
(25.4-mm) welds in this study produced significantly better fatigue lives than
the 3/8-in. (9.6-mm) welds. This result is opposite to that obtained in the
previous work and is attributed to the fact that the weld reinforcement of the

3/8-in. (9.6-mm) tcst pieces of this study were much larger than that of the

1-in. (25.4-mm) test pieces. There is good agreement between the best-fit
lines (solid and dashed) for the 1-in. (25.4-mm] test pieces for this study

and the prior work.

4.4 Fatigue Test Results: LOP and LOF Test Pieces

The LOP test results for 3/8-in. (9.6-nm) test pieces are listed in
Tables 5 and 6 and plotted in the S-N diagram of Fig. 11. The data show a
large amount of scatter which results from differences in LOP width (2co).
Those test pieces having the larger LOP widths produced shorter fatigue lives
than those with smaller LOP defects. A1l but a few specimens failed at LOP
defects. A comparison of the best-fit lines for sound welds to the welds con-
taining LOP shows that the LOP test pieces always produced £ives shonten than
sound welds.

Results for the 1-in. (25.4-mm) LOP test pieces are listed in Tables

7 and 8 and plotted in the S-N diagram of Fig. 12. As with the 3/8-in. (9.6-mm)

LOP welds, a large amount of scatter in the data resulted from the variation in

e c—
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defect width (2c0). The fatigue lives of almost all the LOP test pieces were
shorter than those of sound welds: see Fig. 12.

The RR LOF test results for both the 3/8 and 1-in. (9.6 and 25.4-mm)
test pieces are given in Tables 9 and 10 and plotted in Figs. 11 and 12.
Figures 11 and 12 indicate that the LOF defects produce fatigue lives which
are about the same or slightly less than sound RR welds. The RR LOF test
pieces gave greater fatigue lives than most LOP specimens. This result is
not surprising since the projected widths (2 ) of the LOF defects are generally

0
smaller than of the width of most of the LOP containing test pieces.

4.5 Results for Strain Controlled Fatigue Testing

Results of the completely reversed strain controlled fatigue tests
of 5083 base metal and 5183 weld metal are presented in Figs. 13 and 14 and
Table 17. The cyclic stress-strain parameters were determined for the 5183
weld metal using the methods of Raske and Morrow (10) these data are also listed
in Table 17. A comparison of the fatigue resistance at lives greater than 103
reversals shows that the 5183 weld metal can sustain a greater amount of

reversed strain than the 5083-0 base metal; however, this difference is not

large.
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5. DISCUSSION

5.1 Influence of Full Length LOP Defects

As shown in Figs. 11 and 12, full length LOP defects have a profound
effect on fatigue life. Defects of large width are substantially more serious
than smaller width defects. This tendency is illustrated in Figs. 17-20 in
which the relationship between defect width (2c0 or 20) and fatique life is ?
shown for each thickness and stress range. The solid lines in these figures |
are predictions which will be discussed in a subsequent section. Both the
reinforcement intact (RI) and reinforcement removed (RR) test pieces gave
substantially the same lives. Naturally, the difference between sound RR test
pieces and LOP containing RR test pieces is substantially greater than the
difference between sound RI welds and these with LOP.

If one uses sound RI welds as a norm, the best fit curves (solid
lines of Fig. 12) would indicate that only the very smallest LOP defects tested
(~ 0.05-in.) would give lives equal to or greater than the average expectancy
for sound RI welds. If one considers that sound RI welds can qive lives as

small as 3 x 104

cycles at 19 ksi and 2 x ]05 cycles at 12 ksi, then from Figs.
18-21, it would seem that LOP defects as large as 0.07 to 0.10-in. in width
could be permitted if one could accurately measure their width using conven-
tional NDT techniques. As will be subsequently discussed, this is probably not

possible.

5.2 Influence of Intermittent LOF defects

Althouth the shape, inclination and length of the "natural" LOP de-

fects was radically different from the full length LOP defects (see Figs. 6-9),
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it was found that the results for these LOF defects were similar to the LOP

results when considered on the basis of width projected onto a plane normal

to the tensile stress (20): see Fig. 4. As seen in Figs. 18-21, an LOF of
given projected width (10) gives approximately the same result as a similar
width LOP.

This finding leads to the following conclusions: the effect of an
LOF defect of projected width (20) is essentially similar to the effect of a
full length LOP of similar width. Furthermore, the finite lengths of the LOF

defects had no appreciable influence on their behavior.

5.3 Predictions of Total Fatigue Life, N

T

The total fatigue 1ife of a weld may be considered to be composed of
a crack initiation period (NI) and a crack propagation period (Np). Strain-
controlled, smooth-specimen fatigue data such as that shown in Figs. 13 and 14
and Table 17 can be used to calculate the fatigue crack initiation period using
the method of Topper, Morrow, Martin, and Mattos (11,12,13,14). This method
considers fatigue crack initiation to have occurred when a hypothetical filament

of metal situated at the tip of the notch (LOP in the present circumstance)

fails by the accumulation of fatigue damage. This calculation is carried out

using a computer simulation of the hysteresis loop of the material at the notch

tip, (weld metal in this case). The scheme of the computation is diagrammed in
Fig. 15 and the use of the model requires: %
1. Determination of the elastic stress concentration !

factor of the notch (Kt)’ For an eliptical flaw in

a finite plate Kt is (15):

1
e & ™ 1 5
Ke= 1+2 [r sec .= 12 (1)

IR—
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2. Estimation of the fatigue notch factor (Kf)

from K through the use of Peterson's equation (16):

(2)

3. Knowledge of the cyclic stress-strain properties of

the material at the notch root: n', K', etc.

4. Knowledge of the strain-life properties at the notch

root: Of s €6 > b, c, etc.

The nominal stresses (S) are related to the notch root stresses and
strains through the use of Neuber's Rule which governs the maximum value of
the product (c<e) attained in a given reversal:

2
(K¢S)

gee = v (3)

Damage is calculated on a reversal by reversal basis by the computer simulation

from the relationship:

1 1 1 1

ac = U)o (a) 1t (= (4)
2N 2N 2N 2N

T N

where: 7%—- is the damage per reversal resulting from the
e elastic strain amplitude

plastic strain amplitude

(?_lgl—) is the damage per reversal resulting from a
p

N is the additional damage resulting from the
o Presence of a mean stress.
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For the present calculations, the level of plastic strains were so
low that essentially no mean stress relaxation occurred, and the mean stress
was therefore considered to be constant. The computer program simulated the
cyclic hardening and softening of the material. Failure of the hypothetical

filament was considered to occur when:

:é 1 e :

Values of Kf were determined using Eqs. 1 and 2. It can be shown that

Kf achieves a meximum value (K ) for a critical value of (r) which is of

f max
the order of (a) in Peterson's Equation. Values of Kf max Were used in this

calculation since it is believed to be physically realistic that a radius equal

to that giving K should exist somewhere along the length of the LOP defect.

f max
In addition, this assumption gives the most pessimistic estimates of NI‘ Values

of Kf max are plotted as a function of plate width and LOP width in Fig. 16.

ax
The results of these calculations are summarized in Fig. 17 in which

the relationship between a given severity of LOP (i.e., K ) and cylces to

f max
crack initiation (NI) is given. Actual predictions of NI are plotted in
Figs. 18-21.

The fatigue crack propagation portion of 1life (NP) was estimated using

the power law model for fatigue crack growth (17):

dc

@ = ok’ (6)

which can be numerically integrated to give:

Cf
Np = (’:— J (aK) ™" de (7)

o
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where AK for the LOP defect in a finite width plate is taken as (18):

1

AK = AS [mc sec ggﬂﬁ' (8)
where: NP = fatigue crack propagation life

AK = range in stress intensity

e+ fad th

a atigue crack growth rate

C,n = material properties

Gy ™ initial defect width

Cg = final defect width

The calculated values of NP are very sensitive to the initial value
of defect length (co) and to the material properties C and n. The initial
defect length (co) we = taken as the half-width of the LOP at its widest point
or at the point where crack propagation originated. In those cases where the
measured value of ¢, 9ave AK values less than reported values of AKth
(8 ksi Vin.), then the o defined by KKy, for the stress range in question was
used. The final value of crack length (cf) was taken as one-half the plate

thickness. The material properties, C and n used inthe calculations are listed

in Table 17 and are measured values for 5083 base metal under R = 0 conditions

(19). The limited information available on the C and n values for weld metal
would indicate that weld metal is similar to or slightly more resistant to
fatigue crack growth than base metal. (20).

Values of NP calculated using the above method are plotted in Figs.
18-21. The total fatigue life (NT) was calculated as the sum of NI and NP and

is also plotted in these figures.

——
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The calculated and measured total lives shown in Figs. 18-21 are
in good general agreement. A surprisingly large fraction of life is devoted
to crack initiation. The initiation and propagation lives become equal in
the 1ife region of 104 and 105 cycles. At greater lives, crack initiation
appears to dominate. At the lower stress level (12 ksi) and particularly for
the 3/8-in. specimens, crack initiation appears to play a predominant role.
At the higher stress levels and particularly for the 1-in. specimens, propaga-

tion dominates.

5.4 Effectiveness of NDT Evaluation

As argued in Sections 5.1 and 5.2, all but the smallest width LOP

and LOF defects must be considered rejectable. As seen in Tables 11-16, all
LOP and LOF specimens were rejected by the current U.S. Navy radiographic
standards which are reproduced in Appendix B. Although these standards are
based on the length rather than the through-thickness width of the defect which
latter dimension was shown to control, the effect of these current standards
was to disallow any of the LOP and LOF defects, albeit, for the wrong reason.

In contrast to the radiographic standards, the ultrasonic inspection
standards, reproduced in Appendix A, are based both upon defect length and width
by reason of the fact that defects giving indications below a disregard level
are to be ignored regardless of their apparent length.

Each specimen was examined using the current Navy ultrasonic test

code (4) and calibration block. As seen in Figs. 22 and 23, very few of the

LOP and LOF specimens were rejectable, and there is no apparent pattern to those

which fall into the Class II and III categories. In the light of the above

—————
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observations, it must be concluded that the current USN ultrasonic test
standards are rather unconservative as regards the defects studied here.

In summary, neither normal incidence radiography or conventional
ultrasonic test methods can reliably measure the controlling through-the-
thickness dimension of the LOP type defect with the precision necessary to
discriminate between serious and ignorable defects. Since LOP and LOF defects
larger than about 0.1-in. in width were shown to drastically reduce the fatigque
life by amounts generally larger than a factor of ten, it would seem that any
LOP or LOF indication should be rejected to insure fatigue lives no less than
that of sound RI welds. The current ultrasonic code would seem to be quite
unconservative. The current radiographic code, although based upon a dimension
having Tittle influence, has the effect of rejecting serious LOP and LOF defects

and would therefore seem justified.
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6. CONCLUSIONS

Lack of penetration (LOP) defects can seriously reduce the fatigue 1ife

of both reinforcement intact and reinforcement removed welds. The
magnitude of this reduction is determined by the through-thickness
dimension of the LOP. The porosity associated with these defects seemed

to exert no influence.

Less than full length, inclined lack-of-fusion (LOF) defects were generally
less serious than LOP defects but if compared with LOP defects on the basis
of width projected normal to the tensile stress, they were found to follow
the same trends as equivalent width LOP. The length of the LOF along the
axis of the weld seemed to have no influence on their effect.

Predictions of total fatigue life (NT) based upon separate, conservative
estimates of the crack initiation period (NI) an< crack propagation life
(NP) agreed well with the experimental data. A surprisingly large reaction
of 1ife was attributable to crack initiation.

The current ultrasonic NDT standards did not discriminate between accep-
table and unacceptable LOP or LOF defects, and this standard seems quite
unconservative. The current radiographic standard seems stringent enough
in that all LOP and LOF defects were rejected, and this rejection would
seem warranted by the test results. Neither NDT standard is rational in
the sense that it is not based upon the controlling defect dimension, the

through thickness width.
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