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ABSTRACT

The weakening effect of lack-of-penetration weld flaws on 

joint strength in hardware was studied using simulated 

service specimens of 300 grade maraging steel. Except 

for weld penetrations very near 100% of joint thickness, 

true-section weld strength was found to be nearly independent 

of percent penetration, but strongly dependent upon the 

yield strength to which the weld metal was aged. It was 

found that maximum joint strength (255 ksi) was obtained 

after aging the partial-penetration welds at 760°F for 

3 hr, rather than the 900°F recommended by the supplier 

of the steel.

Additional types of welded specimens were tested which 

contained small lack-of-penetration weld flaws in girth 

welds around large cavities inside the specimens. It 

was found that large cavities under small weld flaws made 

the flaws much more damaging to weld strength than they were 

in welded flat coupons, which were also tested. Attempts 

to correlate the we Id failure strengths for cavity - containing 

specimens with those predicted by handbook fracture mechanics 

equations for long edge cracks and buried penny-shaped 

cracks showed that the partial-penetration welds failed at 

intermediate strengths that could not be mathematically 

predicted. Only flat welded coupons containing lack-of-

iii
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penetration defects failed at stresses close to those 

mathematically predicted.

The best estimate of critical stress intensity factor for 

the lack-of-penetration weld defect suggested that the 

defect is almost as severe as an arrested natural or fatigue 

crack.
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FOREWORD

The work described herein was supported by the Rocky Flats 

Division (Golden, Colorado) of Dow Chemical U.S.A. The 

purpose of the work was to investigate and understand 

factors causing low-stress electron beam weld failures 

experienced by Dow in certain hardware made from 300 

grade maraging steel.
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INTRODUCTION

PART I .

Electron beam welds of less-than-full penetration have been 

required in certain hardware made from 300 grade maraging 

steel to protect underlying materials from the heat of weld

ing and/or contamination by weld metal drop - through. Unin

tentional local lack-of-penetration defects have also been 

experienced at the weld start-stop point (where a circum

ferential weld closes on itself). The unintentional defects 

are sometimes too small to be discovered by NDT techniques. 

The partial-penetration welds of deliberate origin have 

failed abruptly at actual weld cross-section stresses as 

low as 58% of the parent metal yield strength. Occasional 

welds for which NDT reported 100% penetration have also 

failed at low stresses. It is likely that the weak welds 

with 100% reported penetration actually had undiscovered 

start-stop defects. Some sample data for one type of 

hardware made from maraging steel with a yield strength of 

about 285 ksi are given in Table 1.

The weld strengths exhibited by hardware nos. 4 and 5 agree 

with a reasonable average of joint strengths reported in 

steel suppliers’ brochures, the open literature, and 

experienced at Dowr for ful 1-penetration welds in flat tensile
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Hardware Apparent Penetration 
Number in 0.070-in. Stock

Weld-Section Failure
Failure Stress Location

3
4

1
2

196 ksi 
165 ksi 
196 ksi 
2 7 5 ksi

Weld Only 
Weld Only 
Weld Only 
Weld and
Parent Metal

5, 100% 267ksi Weld and
Parent Metal

* Penetrations judged by eye. May be about 10% 
in error.

Table 1. Hardware test results (Dow Chemical Data), 

coupons.

The program was undertaken to improve through heat treatment 

the strengths of welds like nos. 1, 2, and 3 toward the 

strengths of '’good” full-penetration welds (95% weld 

efficiency x 285 ksi yield strength = 270 ksi weld strength). 

The improvement was necessary to gain reliable use of 

welded hardware made from the high strength 300 maraging 

steel. It was also desirable to learn whether handbook 

fracture mechanics equations could be used to predict weld 

strength as a function of flaw size as might be discovered 

by NDT.

PART II.

The results of the above weld strength - improvement study
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exposed the need for stud/ of a significant"factor: the

effect on weld flaw severity from the geometry of the metal 

adjacent the flaw. For example, it is clear what flaw 

depth is in a notched tensile specimen, but it is not clear 

what flaw depth is when a large hole with small edge cracks 

is bored in a stressed member. The problem with the 

hardware is analagous to the latter case. It became 

necessary to obtain a partial answer to the question of 

what the true measure of flaw size was in the hardware 

before applying fracture mechanics. That investigation 

comprises PART II of this study.
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BACKGROUND

That the low stress hardware failures occurred is not sur

prising. The weakening effect of a stress concentrator 

like a notch in a tensile specimen has been known for many 

years, and more recently, the strength loss due to an 

infinitely-sharp (i.e., zero root radius) crack has been 

quantified into the science of fracture mechanics. Although 

not infinitely-sharp , the partial-penetration weld "crack" 

is a severe stress - concentrator, perhaps almost as severe as 

an infinitely-sharp crack. Figure 1 is a photomicrograph 

of a weld root and lack-of-penetration crack. The flaw 

was so tightly pulled together by weld solidification 

shrinkage that it could not be seen without the etchant. No 

root radius could be measured with the optical microscope.

The 300 grade maraging steel is a precipitation-hardenable 

iron-nickel martensite which can be simply heat treated 

("maraged") from yield strenghs of 110 ksi (solution- 

annealed) to nearly 300 ksi. Figure 2, from a sales 

brochure for the steel, shows the range of tensile properties 

obtainable by varying the maraging temperature (3 hr heat 

treatment time). The steel is most attractive to designers 

in its highest strength condition (referred to as fully 

maraged), developed by maraging at 900°F for-3 hr, followed
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Figure 1. Weld root and underbead notch detail from a
partial-penetration electron beam weld. Acidified 
copper chloride etch. 160X

i
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Figure 2. Tensile properties of 300 maraging steel obtainable by- 
heat treatment. Data from Vasco, a Teledyne Company.
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by air cooling. Joint efficiencies of about 95% have been 

generally realized in full-penetration welds fully maraged 

after welding: the steel is considered "weldable".

Unfortunately, it is a general characteristic of metals that 

their resistance to crack propagation ("fracture toughness") 

varies in a manner roughly inverse to their yield strengths. 

This relationship suggests that when a flaw is present, an 

optimum yield strength for the weld metal (through which 

failure propagates) exists, which would improve the strength 

of the welded joint because fracture toughness becomes just 

high enough to keep the flaw from propagating.

Figure 3, after Randall (Ref. 1) schematically illustrates 

the existence of an optimum yield strength level to give 

the highest failure strength at a given flaw depth. To the 

left of the optimum, failure occurs by yielding and the 

failure strength in the presence of a given flaw increases 

with increasing tensile yield strength. To the right of the 

optimum, failure occurs by brittle fracture* and the failure 

strength decreases with increasing tensile strength. Note 

also on Figure 3 that the maximum failure strength increases

^Brittle fracture is here defined ac occurring below the 
gross yield strength and without macroscopic deformation.
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Ductile
Failure

Optim um
Strength
Level

B rittle
Failure

o.

u_

Tensile Strength Level

Figure 3: The fracture strength of a part made to a given level of perfection
w ith  mgard to flaw  severity can be optim ized by choosing the strength 
le v t! just below the level at which failures by crack propagation occur (1).
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as the flaw gets smaller, and that the maximum failure strength 

occurs at a higher tensile strength level as the flaw gets 

smaller. As seen in Table 1, some of the hardware failed 

by brittle fracture at stresses well below yield.

Within the science of fracture mechanics there are equations, 

such as Equation I (developed in Ref. 2) relating the 

parameters shown schematically in Figure 3.

Equation I .

Load A

Load

a^Z =
<f>2 - 0 . 212cr?/ ’ 2 f a ui—i

A™

L ysj

[l . 2 tt a] ̂

Of= Failure strength, ksi.

ays = Yield strength, ksi.

a = Flaw depth, in.

$ = A complex function of flaw 
shape (= 1 for long, 
straight flaws).

= Fracture toughness, ksiVTn.
Z = Correction for edge effect 

(= 1 for large t/a ratios).

Equation for part-through surface crack In a wide plate.
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PART I

WELD STRENGTH OPTIMIZATION
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EXPERIMENTAL METHODS

The Test Specimen. The design of a laboratory specimen to 

simulate the hardware involved some speculation. A uni- 

axially-loaded tensile specimen was the only economical 

stand-in for the biaxially-loaded hardware. The following 

criteria were thought to have strong effects on weld strength, 

and were the basis for specimen design:

1. A simulated service specimen should have the same 

0.070-in. thickness as most of the hardware.

2. The range of average weld penetrations should be 

the same encountered in the hardware (70 to 1001) .

3. The geometry of the specimen should prevent bending 

under load. (The hardware must stretch biaxially 

the same amount through the entire weld thickness.)

4. The state of residual stress from welding should 

be similar to that in the hardware.

5. Overall, the simulated service specimen should be at 

least as severe a test of the brittle fracture tend

ency of the weld as the hardware was (i.e., the 

specimen should fail at equal or lower stress

than the hardware for similar flaws).

It was not possible to incorporate all of the criteria into
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a single geometry of simulated service specimen; indeed 

criteria 3 and 4 cannot be incorporated simultaneously 

into a uniaxially-loaded specimen. For a simulated service 

test, criteria 5 was most important: that the results

should err on the too - conservative side, if at all. The 

geometry decided upon for the simulated service specimen 

is shown in Figure 4.

The geometry satisfies criteria 1 and 2, and probably 3 as 

wrell due to stiffness against under-load bending distortion 

(waisting-in at the weld) caused by the 45° internal fillet.

(As it turned out in the actual tests, the effect of the 

internal fillet and void is very complex.)

The residual stresses from welding (note criteria 4) are 

probably much higher in the specimen than in the hardware 

(where they are not known) due to the stiffness of the 

specimen near the weld. However, residual stresses could be 

relieved by heat treatment (solution-annealing) of the specimen 

if they had any significant effect*, so failure to meet 

criteria 4 was not serious.

Overall, the specimen was believed to be at least as severe 

a test of the weld as the hardware was, which was later found 

to be true.

*Rosenstein (Ref. 3) reported a detrimental effect from 
welding-induced residual stress. Residual stress must be 
added to applied stress to obtain total effective stress at 
a point of failure initiation.
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0.070 in. Jo in t Thickness
0.865 in. Dia.

Cut-away Section V iew"

Void

Partial-penetration Electron Beam Weld

V

Figure 4: The simulated service specimen (w ith  thermocouple attached).
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Materials. The stock from which the round simulated service 

specimens were machined was Vascomax 300, 7/8-in. solution- 

annealed (Rc 30.5) rod from a single heat. The yield strength 

after maraging 3 hr at 900°F was measured to be 285 ± 0 . 4  

ksi (Rc 53) using specimens machined from the center of the 

rod (2 tests). Ultimate strength was 290 +_ 2 ksi, reached 

at only about 0.5% plastic strain in a 2-in. gage length, 

while elongation to rupture was nearly 10%. The low 

plastic stability of the steel is unfavorable to strength 

in the presence of a crack.

Because the geometry of the simulated service specimen 

required all failures, brittle and ductile, to propagate 

through weld metal, it was the fracture toughness (Kj^) and 

yield strength of actual weId metal that should be used in 

determining whether Equation I would predict weld failure 

strength. A weld is a small casting and generally has 

mechanical properties inferior to those of wrought metal. To 

measure the yield strength of weld metal, five one-fourth 

inch wide, overlapping electron beam weld passes were made 

on 1/3-in. thick 300 grade plate. Flat, pin-loaded specimens, 

0.050-in. thick, with 5/8-in. gage lengths were machined 

from the mass of welds so that the entire gage length was 

weld metal. Figure 5 shows such a specimen and a sawed- 

edge view of the gang-welded plate from which it was cut.
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Figure 5. Saw-cut section from the gang-welded plate and 
a weld metal specimen taken from it. The gage 
length of the specimen is composed entirely of 
weld metal. Nital macroetch.
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Similar specimens machined from unwelded plate had a yield 

strength of only 262 +_ 4 ksi (Rc 52.5) after maraging 3 hr 

at 900 °F, probably because of slightly different chemical 

composition. It was necessary to learn the yield strength 

of weld metal fused from higher strength stock by actually 

testing lower strength stock. All of the weld metal yield 

strengths measured were multiplied by the ratio 285/262 to 

obtain weld metal yield strength values for the simulated 

service specimens.

Welding. All welding was done on a Hamilton Standard 6- 

KW electron beam machine. As with the hardware, the 

simulated service specimens were welded in the fully 

maraged condition while held in a rotating fixture. The 

faying surfaces were ground, verified to have thickness 

between 0.069 and 0.071 in., and cleaned with emery and 

acetone immediately before welding. No filler metal was 

used and only a single welding pass was made (one rotation), 

except for some specimens on which there was a 0.1 or 0.15- 

in. over-run prior to the programmed power decay at completion 

of the weld. The over-run decreased the depth of start-stop 

defect (the start-stop defect increased the spread between 

average and minimum weld penetration).

An accelerating voltage of 73 KV and beam currents of 4.5
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to 8.4 ma (sharply focused) gave average weld penetrations 

in the simulated service specimens from about 68 to 1001 

and overhead widths of from 0.046 to 0.073 in., with most 

widths very close to 0.055 in. Penetration was controlled 

by adjusting the electron beam current; however, any 

lateral misalignment of the very narrow beam moved the 

bottom of the fusion zone out of the joint and into parent 

metal. The beam then intersected the joint at some point 

higher than the bottom of the V-shaped weld bead, giving 

less than the expected penetration of the joint. Through 

deliberate and inadvertent effects, a rather random 

distribution of average weld penetrations was obtained. A 

typical weld cross-section is shown in Figure 6.

The gang of wide welds from which the weld metal specimens 

were taken was made by increasing beam power, defocusing, 

and electronically oscillating the beam in a circle.

The plate was removed from the welding chamber and air 

quenched between the individual weld passes. The surface 

of the gang of five welds was very rough and undercut where 

the outside edges of the gang of welds met the parent 

metal. The plate also was severely curled by weld shrinkage 

stresses, which were presumed relieved when the thin tensile 

specimens were machined out.
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Figure 6. Typical partial-penetration weld showing
heat affected zone. Acidified ferric chloride 
etch. 25X



ER 1450 20

Heat Treatment. Heat treating was done in muffle-furnaces 

set to the reported temperatures by thermocouple and 

potentiometer. The furnace air temperature cycled about 

+ 10°F in on-off operation over approximate one-minute 

intervals. All heat treatment times reported are time in 

the furnace. The quench was always in air.

The simulated service specimens were fully maraged (3 hr 

at 900°F) prior to welding. When employed, a post welding 

solution-anneal consisted of one hour at 1500°F. Re- 

maraging after welding was 3 hr at the reported temperatures.

The 0.333-in. plate from which the weld metal tensile 

specimens were machined was welded in the solution- 

annealed condition so that it was not necessary to machine 

specimens from the steel in its very hard maraged condition. 

The machined weld metal specimens were then maraged at 

the reported temperatures (3hr).

Tensile Testing. Standard tensile machines with swivel 

fixtures were used to pull the simulated service specimens 

at crosshead speeds that varied from 0.025 in./min at no- 

load to about 0.010 in./min at failure load. The flat 

weld metal samples were tested at 0.016 in./in./min 

with a resistance extensometer.
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We Id Penetration Measurement. Weld penetration was measured 

by looking down on the fractured surfaces with a measuring 

microscope (17X) or, in later samples, with an optical 

comparator (20X). Lack-of-penetration was measured at 

30° intervals around the weld. As with the hardware, the 

weld overhead was not machined off. Weld root "spiking” , 

an unavoidable characteristic of electron beam welds, 

was averaged by eye for determining the reported average 

penetrations. Minimum penetrations reported refer to the 

shallowest depth of the weld, either spike or start-stop 

point. Those small place - to-place variations in weld 

penetration were ignored when the data were compared with 

strength predictions from fracture mechanics. The long, 

relatively straight lack-of-penetration flaw was assumed 

unaffected by the small sinusoidal variations at its root. 

(Fracture mechanics would suggest an effect on strength 

if the sinusoidal penetration variations were very large 

compared with the lack-of-penetration flaw.)
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RESULTS

Failure Origin. The simul ated service spe cimens failed

through the weld met al as shown in Figu re 7 . A "shear

lip" or plane of fra ct ure oriented 45° to the tensile

axis was always present on the side of the weld opposite 

the notch, confirming that failure initiated at the notch, 

as was expected. Figure 7b shows river markings which 

prove that at least one failure originated at a start- 

stop defect (deepest flaw in that specimen). It was not 

generally possible to identify where in the weld flaw 

failure initiated.

Optimum We Id Strength. The relationship of failure 

strength to post-weld maraging temperature (without an 

interposed solution-anneal) for a range of average penetrations 

is shown in Figure 8. The optimum strength for partial- 

penetration welds in fully maraged 300 grade maraging 

steel is 255 ksi, achieved by remaraging after welding at 

760°F, rather than the 900°F previously used on the hard

ware. Note also that the optimum strength occurs at the 

transition between tough and frangible behavior, which 

was expected from fracture mechanics theory (Figure 3).

It is significant that the optimum strength, 255 ksi, is
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Frangible Failure (bottom ) Frangible
, L . . . . .  » Failure Profile

7a: Typical fractures showing spiking at weld root.
Type B specimens. 9X.

Zone

?b. Frangible fa ilure orig in at maximum flaw  depth. 
Type C specimens (described in Part II) . 13X.

Ductile 
Failure Profile

Weld Flaw

Flat Fracture 

1 \ 45° Shear Lip

Weld Edge

Ductile Failure. (Top)

Fibrous
Fracture

Veld Flaw

45°Shear Lip

Shear Lip 

Flat Fracture 

Unpenetrated

Figure 7: Weld failures in the specimens.
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0  Welds Having Some Root Porosity 

O  Sound Welds

Weld Metal Y ield Strength

260 255 Ksi Optim um  Weld Strength 78%

74%

240

87'90%

220

200
69%

180
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160 71% 78% (circle) 

99% (square)
99%u.

oCO 68%
140

91%120
Tough Behavior Frangible Behavior

0 200 600 800400 1000

POST-WELD M ARAG E TEMP., °F (3 hr.)

Figure 8: O ptim um  aging treatm ent. Average weld penetration 
is shown for each test.
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not far below the 270-ksi expected strength for flawless 

welds suggested by Table 1 and the literature.

Effect of We Id Penetration. The dependence of weld strength 

on penetration was studied only for the case where the post

weld maraging heat treatment was at 900°F. It was not 

known whether the correct measure of weld penetration was 

the average or minimum value. Both values were considered 

throughout this study, which did not resolve that uncertainty. 

Figures 9 and 10 show the dependence of weld strength on 

minimum and average penetration, respectively. Weld 

strength is quite insensitive to penetration variation 

except near 100% penetration. That behavior is in poor 

agreement with the shape of curve predicted by fracture 

mechanics Equation I (see Appendix A for the origin of 

the fracture mechanics theory curves), especially in 

that the equation does not predict the observed range of 

penetrations for which strength is nearly constant. Also 

note that the flatness of the data curves away from 100% 

penetration justifies drawing the optimum strength curve 

in Figure 8 independent of a range of weld pentrations 

below 100%.

Also evident on Figures 9 and 10 is that there is a 

beneficial effect from a 1500°F solution-anneal interposed 

between v/elding and remaraging. The solution - anneal relieves 

residual stresses developed during welding which apparently
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A,0 Sound Welds

(0  Welds Having Some Root Porosity

Fracture Mechanics Theory
Eq, r )

300

280
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A fte r Welding180

Knee of Curve Uncertain

160
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8060 1000 4020

M IN IM U M  PERCENT PENETRATIO N IN 0.070 in. W ALL

Figure 9: Failure stress in simulated service specimens as a function
of m in im um  weld penetration ( 900 ± 4°F post-weld marage ), 
compared w ith  predictions from  Eq. I.
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Sound Welds

Welds Having Some Root Porosity
Expected Weld Strength

Fracture Mechanics Theory 
Eq. I ( ----------------)

om

Solution Annealed 

A fte r Welding

No Solution Anneal

x

1L
20 40 60 80 100

AVER AG E PERCENT PENETRATION IN 0.070 in. W ALL

Figure 10: Failure stress in simulated service specimens as a function  
o f average weld penetration (900 ±4°F post-weld marage), 
compared w ith  predictions from  Eq. I.
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are high enough to be detrimental in the very stiff 

simulated service specimen. The strength increase from 

solution-annealing is nearly constant over the entire 

range of weld penetrations, substantiating the findings of 

Rosenstein (Ref. 3).

Yield Strength of Weld Metal. Figure 1 indicates that 

parent metal maraged at 760°F has a yield strength of 

220 ksi, much lower than the optimum weld strength of 255 

ksi obtained after maraging the weld at the same temper

ature. In fact, since the weld is a cast structure 

(usually less strong than wrought metal), the yield 

strength of the weld metal should be lower than 220 ksi, 

if anything. The yield (and failure) strength of the weld 

metal maraged at 760°F is elevated to 255 ksi by being 

constrained in the weld joint. The stronger (285-ksi 

yield strength) fully maraged parent metal immediately 

adjacent the softer weld bead retards it from yielding 

(i.e., the softer weld bead is in triaxial tension).

Diamond hardness (DPH) traverses of the gang of electron 

beam welds shown in Figure 5 confirmed work by Adams and 

Travis (Ref. 4) which showed that the maraging response 

of the weld metal is indeed inferior to that of parent 

metal. Figure 11 shows that after the 760°F post weldin OD 
-
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(shown in Figure 5). The plate was welded in the solution- 
annealed cond ition .
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remarage, the DPH hardness of the weld bead is about 440, 

compared to about 570 in the fully maraged parent metal.

The uniaxial yield strength of the weld metal in the all- 

weld-metal flat tensile specimens is superimposed on the 

optimum strength curve in Figure 8. The yield strength of 

the weld metal is actually raised about 30% (from 194 

to 255 ksi) at the optimum weld strength simply by being 

constrained in the weld joint.

It should be noted that the optimum post-welding heat 

treatment will apply only to narrow welds in 300 grade 

maraging steel that was welded in the fully maraged 

condition, and then remaraged at 760°F. If the steel were 

welded in the solution - annealed state and then maraged at 

760°F, joint constraint strengthening* would be almost nil, 

and the weld would fail by yielding near 220 ksi, even in a 

narrow weld.

Strength of the Simulated Service Specimen at 100% Penetrat ion.

Figures 9 and 10 show that a fully maraged specimen welded 

to 100% penetration (continuous underbead) and remaraged at 

900°F failed at 213 ksi, much below the 270 ksi developed

*Joint constraint strengthening is defined as the ratio 
of the yield strength of the material in a joint between 
stronger side-walls to the yield strength in a tensile 
test. For the optimum joint strength reported here, the 
joint constraint strengthening ratio is about 1.3.
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in the hardware in the absence of weld flaws. A stress- 
relieving solution-anneal raised the strength of the 213- 

ksi specimen to 243.5 ksi, still considerably below 270 ksi. 

Because neither data scatter nor residual stress can 
reasonably account for the low strength at 100% weld 

penetration, it must be concluded that there are other 

factors involved, such as the notch effect at 100% pene

tration from the 2 -times-45° corner and central void inside 

the specimen.

I
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PART II

THE EFFECT OF SPECIMEN GEOMETRY ON EFFECTIVE CRACK SIZE
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BACKGROUND

In PART I, the strengths of the simulated service specimens 

were found to be in poor agreement with those predicted 

by Equation I (for a part-through crack in a wide plate).

The simulated service specimen was assumed equivalent to 

a wide plate wrapped in a circle, and it was assumed that 

there was no effect on weld strength from the cavity in 

the center. That assumption was proved wrong, but was 

consistent with normal engineering practice in which only 

small edge cracks around a large hole in a stressed 

member are considered to weaken the member: the hole

diameter is not considered part of the crack length.

The disagreement between data and theory shown in Figures 

9 and 10 strongly suggests that it was incorrect to ignore 

the interior cavity in the simulated service specimen.

(It is difficult to think of any other reason for the data 

being so removed from the predictions.) It was certainly 

incorrect to have ignored the 90° interior notch at 100% 

penetration since brittle failure occured at that pene

tration .

The weakening effect of interior cavities in other specimens 

was measured by example in PART II of this study. The
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interior cavity was changed in shape in one specimen type, 

and eliminated completely in another so that the specimens 

corresponded more closely with that for which Equation I 

was developed.

In PART I, it was assumed that the lack-of-penetration flaw 

was the only damaging flaw in the simulated service 

specimen. However, as shown in Figure 12, the simulated 

service specimen is actually a transitional geometry 

between specimen shapes in which the damaging flaw size is 

entirely obvious.

A

Butt Joint 
Specimen

B

Simulated
Service
Specimen

Thin-walled 
Specimen

D

\
\\a= \

Flat Coupon 
Specimen

Figure 12. Examples of different flaw sizes in different 
partial-penetration-welded specimen types.
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Equation II

o f Z =

Load

KicI/72
vsr

Cut - away 
section.

a£ = Failure stress, ksi. 

a = Diameter of the flaw. 

KTr = Fracture toughness,
ks i\/Tn.

Z = Correction for edge 
effect (greater than 
1 for large a/d 
ratios).

V Equation for a buried penny-shaped crack.

and C) lie between the strengths of shapes A and D, for

which flaw size is well-defined. Experimental determination

of the strengths of specimen types A and D was required

because the flaw was a partial-penetration weld of unknown

sharpness, rather than the fatigue crack for which data

exist. Testing specimen types A or D also permitted an 
!

estimate of for the lack-of-penetration weld flawr
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(the prime designates an estimated value, rather than a 

true by fitting the data to the appropriate equation

and solving for Kj^, (assuming the data would follow the 

shape of curve predicted by the equation). The closer that
t

for the weld flaw is to for a fatigue crack
(available from handbooks for many metals), the more 

useful fracture mechanics can be expected to be in 

predicting weld strength in the presence of a flaw. 
Comparison of those two values was also an objective of 
PART II of this work.
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EXPERIMENTAL

Welding cost limited the number of tests. Since it had 

been shown that the simulated service specimens had the 

sort of low sensitivity of strength to penetration variations 

expected for type A specimens, type A specimens were deleted
t

from testing. K-^ for the weld flaw was estimated only 

from tests of type D specimens.

Type C thin-walled specimens were made by deepening the 

void in simulated service specimens to at least 0.210 in. 

on each specimen half (>3 times the 0.070-in. wall thick

ness), and removing the fillets. Near the weld, the 

geometry was that of a fairly thin-walled welded tube.

The type C specimens were welded in the fully maraged 

condition, using similar parameters as for the type B 

simulated service specimens. The specimens were remaraged 

(3 hr at 900°F) after welding without a stress-relieving 

solution-anneal. The weld root spiking was less severe than 

in type B specimens (Figure 7b).

Type D flat coupons were made by welding together 1/8-in. 

solution-annealed plates and machining out 1/2-in. wide 

pin loaded tensile specimens. The machined specimens were 

then ground down various amounts on the flaw side to



ER 1450 39

obtain a range of weld flaw depths. The specimens were 

maraged (3 hr at 900°F) and tested. The 1/8-in. parent 

plate had a yield strength of 286 ksi, permitting direct 

weld strength comparison with type B and C specimens 

(285 ksi parent metal yield strength). Weld root spiking 

was more severe than in the other specimen shapes and is 

shown in Figure 13. Any effect on weld strength of the 

increased spiking was ignored. Tensile testing of type C 

and D specimens was similar to that for the simulated 

service specimens.
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m M

W/%

Figure 13. Surface of broken flat coupon specimen (type 
D) showing characteristic root spiking. 11X
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RESULTS

Figure 14 shows strengths of the simulated service 

specimens (type B) , the thin-walled specimens (type C) ,

and the flat coupons (type D) as a function of maximum
\

weld flaw depth in a 0.070 in. wall. Figure 15 shows 

w^eld strength as a function of average flaw depth. (The 

uncertainty of whether average or maximum flaw depth is 

correct remains.) The type D specimens w^ere tested at 

thicknesses greater than 0.070 in., and w^ere accordingly 

stronger for a given weld flaw depth. The data points 

for type D specimens were obtained by mathematically 

converting the weld failure strengths to those equivalent 

in a 0.070-in. thickness (Appendix B ) .

Only the strength data from the flat coupons agree fairly 

well with the shape of curve predicted by Equation I . The 

data agree with that equation when Kj^ = 96 ksiVin., based 

on maximum flaw7 depth, and 90 ksiVin. , based on average
i

weld flaw depth. is relatively insensitive to the

uncertainty in relating to maximum or average flaw depth.

It is evident from Figures 14 and 15 that there are marked 

differences in effective flaw7 severity for the three types 

of specimens. The flaw behaves as though it were larger than
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Figure 14: Strengths of Type B, C, and D specimens as a function of 
maximum flaw depth.
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ER 1450 44

just the lack-of-penetration zone, in types B and C. 

Especially surprising is that the thin-walled round 

specimens were so much weaker than the flat coupons: 

type C is type D wrapped in a circle. The center void 

worsens the effect of the weld flaw in type C, but not as 

much as in the simulated service specimen.

Equation II, for the buried penny-shaped crack, plots as a 

curve better predicting the shape of curve followed by the 

data for the simulated service specimen (Figure 16), at 

less than full penetration. (See Appendix C for the origin 

of the theory curve for Equation II.) However, the sim

ulated service specimen was about 100 ksi stronger than 

predicted by Equation II. The central void in the type B 

specimen is not as severe (i.e., effectively long) a flaw 

as a buried penny-shaped crack.

Neither equation correctly predicts the strengths of type 

B and C specimens: they only serve to bracket the data.

Nor is the effective flaw size even a simple combination 

of the lack-of-penetration flaw depth plus some constant 

fraction of the central void diameter: the data curves 

for type B and C specimens are not parallel to the theory 

curve for Equation I. The contribution to flaw severity 

(size) from the central void varies with the distance that
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the void is from the weld root.

In Figure 16, the strength of the simulated service specimen 

increases abruptly at 100% penetration because the flaw 

changes to a blunt 90° notch around the periphery of the 

central void. The combined effect of the 90° notch and 

central void is sufficient to cause brittle failure at 

243.5 ksi. There is a definite contribution to effective 

flaw size from the central voids in type B and C specimens.
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DISCUSSION

Reliability of Data. The greatest uncertainty in the data 

for the simulated service specimens lies in the small 

number of tests. The peaked curve of weld strength versus 

maraging temperature (Figure 8) has the general shape 

expected from fracture mechanics (Figure 3), which lends 

some confidence. The cluster of five strengths at 900°F 

in Figure 8 (disregarding the one very low strength point) 

is a reasonable estimate of experimental repeatability 

since there is very little effect on strength of small 

variations in penetration over that range. From that data 

cluster, +12 ksi may be considered the uncertainty in the 

255-ksi optimum strength for the simulated service specimen.

It should also be pointed out that all welds in the specimens, 

like in the hardware, were tested without machining off 

the overheads, which sometimes had localized surface ups- 

and-downs of as much as three or four thousandths of an 

inch in the round specimens. The tendency was for the 

overbead to be flush or slightly undercut at the junction 

with parent metal, and piled up in the center of the weld.

The overhead contour was ignored in the strength calculations 

because it varied too much over small distances to be
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accurately measured in the round specimens. The overhead 

was much smoother and nearly flush with the parent metal 

in the flat coupon specimens. Some weld metal drop-through 

occurred in round specimens with 100% penetration, causing 

the overhead to be slightly depressed below the original 

surface. When the overhead was depressed by drop - through, 

the loss of weld thickness was taken into account in the 

weld strength calculations. The reported weld strengths 

may be affected by the uncertainty in weld cross section 

by at worst about 0.002 in. in a weld of 68% penetration in 

a 0.070-in. wall (less than 5% error).

Applicabllity of the 760°F Optimum Marage to Hardware.

Even after stress relief, the simulated service specimen 

welded to 100% penetration failed brittly at a stress 

(243.5 ksi) below that for the hardware welded to full 

penetration (about 270 ksi). The simulated service specimen 

was a more severe test of the weld than the hardware was 

in that the weld flaw was effectively more damaging 

(larger) than in the hardware (due to the internal void).

The optimum marage at 760°F for the simulated service 

specimen is thus conservative for the hardware. A 

maraging temperature somewhat higher than 760°F and weld 

strength greater than 255 ksi could be found for hardware 

with weld flaws if a test program on the hardware were
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economically feasible. At present, the 255 ksi strength 

resulting from the 760°F marage is a good improvement over 

the 165 to 196-ksi failures that occurred in the hardware, 

even if it is not quite the maximum possible.

Sharpnes s o f the Lack-of-Penetration Weid FI a w . A rough

estimate of the sharpness of the lack-of-penetration weld 

flaw was obtained by comparing the value of (90 to

96 ksiVin.) for flat coupon specimens (type D) with values 

reported by other workers. In doing so, it was reasonably 

assumed that as a cast structure, the weld could only be 

less tough (lower Kj^) than fatigue - cracked parent metal
i

at the same yield strength. Thus for the weld flaw

could be equal to or greater than for parent metal only if 

the flaw, were less sharp than a fatigue crack.

For 300 grade maraging steel parent metal having yield 

strength equal to 242 ksi, Ref. 5 reports = 84.5ksiVin

for a sharp fatigue crack. As shown in Figure 8, the 

weld metal after a 900°F marage has almost the same yield 

strength (243.5 ksi), but higher (90 to 96 ksiVin.).

(Comparison of valid with apparent Kĵ , assumes that

their difference results predominantly from different 

flaw severity and toughness effects, and not from the 

different specimen sizes. That may not be a very good
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assumption.) In less-tough weld metal, the slightly
t

higher suggests that the weld flaw is less-sharp than

the fatigue crack.

Beitscher (Ref. 6) measured fracture toughness for 3- 

point bend specimens machined from the same welded 1/8-in. 

thick plate as the flat coupon specimens (type D ) . Crack- 

starter notches were machined into the weld so that the 

crack ran along the length of the weld, rather than 

through its thickness. Most of the specimens were fatigue 

cracked prior to testing. For nine tests of fatigue
t

cracked specimens, Beitscher reported K _ (comparable to

reported in this work) equal to 60^10 ksiVin., and for
»

one test with only a sharp machined notch, K equal to' r ’ max 1
99 ksiVin. The difference demonstrates that K is amax
sensitive indicator of flaw sharpness. Comparison of

1
Beitscher's work with the estimated from this work

(90 to 96 ksiVTn.) also suggests that the lack-of-penetration 

weld flaw is somewhat less damaging (higher Kj^) than a 

sharp fatigue crack, although the directions of crack 

propagation were 90° different. Limited data in Ref. 7 

(Salmon-Cox et al) for TIG welds indicate that the weld 

may be slightly tougher for crack propagation through the 

weld thickness, compared to the length direction.

For propagation of fatigue cracks in the thickness direction
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through maraging steel TIG weld metal of yield strength

240 ksi, Salmon-Cox et al (Ref. 7) report K = 72 to * J v max
88 ksiVTn. (average 81 ksiX/in.), based on 6 bend tests.
That range of values is again below that estimated from 

the data in this study (90 to 96 ksiVin.).

Although there is uncertainty in the precise fracture tough

ness value, it appears that the lack-of-penetration weld 

defect is somewhat less damaging (less sharp) than a fatigue 

crack, but not much. To consider the weld flaw equivalent 

to a fatigue crack (i.e., to calculate weld strength 

using Kj£ for a fatigue crack ^ 8 0  ksiVin.) would be 

conservative, but certainly safe design practice.
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CONCLUSIONS

52

1) Three hours at 760°F was found to be the optimum post

weld heat treatment for fully-maraged, 300 grade .maraging 

steel simulated service specimens containing lack-of- 

penetration weld defects. Weld strength after the optimum 

heat treatment was 255 ksi, compared to hardware strengths 

below 200 ksi after post-weld remaraging at 900°F. As the 

simulated service specimen was a more severe test than the 

hardware, the optimum post-weld heat treatment temperature 

and resulting weld strength are too low, if anything, 

compared to the strength that might be achieved in the 

hardware.

2) The maraging response (i.e., yield strength) of weld 

metal was confirmed to be inferior to that of parent metal. 

However, constraint against yielding in the narrow weld 

elevated weld metal yield strength to about that of parent 

metal.

3) There was a weld-strengthening effect from stress- 

relief annealing the simulated service specimens between 

welding and remaraging at 900°F.

4) Lack-of-penetration weld flaw severity was worsened 

by an enclosed void below a circumferential weld. The 

more closely the void resembled a buried penny-shaped 

crack, the greater the weakening effect of the void.



ER 1450 1 53
5) In butt-welded flat coupons, the lack-of-penetration

weld flaw appeared to be almost, but not quite, as damaging 

as a sharp fatigue crack. for the weld flaw was

estimated at 90 to 96 ksi\/in., somewhat higher than 

comparable data for specimens containing fatigue cracks.

6) The strengths of welded flat coupons with lack-of- 

penetration defects are in fairly good agreement with the 

shape of curve predicted by fracture mechanics, provided
i

that for the weld flaw (higher than that for a fatigue

crack) is considered. Welded shapes containing central 

voids did not have failure strengths that agreed with 

fracture mechanics predictions.
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SIGNIFICANCE OF RESULTS

54

It was shown for one simulated service specimen-that it was 

possible to increase hardware failure strength in the 

presence of inherent weld flaws by actually lowering the 

failure strength of the metal. This somewhat contradictory 

result arose because at lower strength levels, the metal is 

tougher and does not fail prematurely at the weld flaw.

The principle demonstrated here--that when flaws are 

present, there is an optimal balance between metal strength 

and toughness--should be considered whenever hardware is 

designed using heat-treatable alloys.

Fracture mechanics was shown to be a useful tool for 

predicting failure strength in the presence of lack-of- 

penetration weld flaws only when the geometry tested 

corresponded closely to that for which a given fracture 

mechanics equation was developed. The geometries near 

flaws in hardware will usually be complex and not directly 

identifiable with any handbook fracture mechanics equation. 

This work suggests that by use of fracture mechanics 

equations for simplified geometries, it is possible at 

best only to bracket the strength range in which hardware 

failure can be expected. (The strength-bracket in this 

work was large.) A generalization from this limited work 

is an unhappy one: that handbook-level fracture mechanics

has not yet been well-enough developed to be applied t o ;
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realistically complex hardware. Actual hardware or mock-up 

tests are still needed as checks on complex designs based 

upon fracture mechanics.
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A. Origin of Theory Curves on Figures 9, 10, 14, and 15.

It was assumed that the simulated service specimen"was -

equivalent to a part-through cracked plate wrapped in a

circle and thus E q . I would describe its behavior. Equation

I was solved by trial-and-error, estimating values of

failure stress (o^) To satisfy it for given values of the

other parameters (Xjq > Z, a, and cr̂ s) . The question

arose as to what value of yield stress, (a ) should bey s
used for weld metal maraged at 900°F. Figure 8 shows that

weld metal maraged at 896°F yields at 243.5 ksi. However,

joint constraint strengthening would elevate that strength

somewhat. Applying the joint constraint factor for the

760°F optimum remarage gives 1.3 x 253 ksi = 329 ksi,

which is stronger than parent metal and obviously incorrect.

The joint constraint factor must decrease as the strength

gap between weld and parent metal drops. The yield strength

of parent metal, 285 ksi, is the limiting case, and was

chosen a good estimate of a for fully-maraged weld metaly s
in the joint.

The empirical correction, Z, for the overbead free 

surface, was taken from Randall’s interpretation of 

work by Paris and Kobayashi (Ref 5), and is shown in 

Figure 17. The factor Z, divided into KjC , gives a 

new which is lower because the back free surface
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(the overhead) of the specimen makes the crack effectively 

more severe than it would be in a massive specimen.

B. Specimen Thickness Effect Correction for Flat 
Coupon Specimens.

Figure 17 hows how Z, the correction for the outside 

edge (overhead) effect, varies with [(crack depth)/ 

(thickness)) ratio. For identical flaw depths (and 

shapes) in specimens of different thicknesses, there 

are different values of Z.

The flat coupon specimens (type D) were tested at 

thicknesses greater than 0.070-in., and the results were 

then corrected to those equivalent in 0.070-in. thick 

specimens with the same flaw depths, using E q . I and 

the (different) values of Z at the two thicknesses:

cons tant

T5J ' 2na
ysTs>

Thick wall 0.070-in. wall

Equivalent failure strengths, a^, in specimens with 

0.070-in. walls were found by trial-and-error solution.

Actual test data and the converted data shown on Figures 

14 and 15 for type D specimens follow (each test was 

converted for both average and maximum flaw depth):
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A pplication to Partial 
Penetration Weld
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Figure I7: Empirical correction fo r stress intensity (KIC) fo r a crack in a strip
required by the p ro x im ity  o f the free surface to  the crack t ip  (Ref. 5).
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,C. Extrapolation of Edge Effect Correction Curve.

For considering the simulated service specimen as:.

containing a buried penny-shaped crack (Eq. II), the

ratio {flaw dia)/ (specimen dia) lies between 0.8 and

0.9, which exceeds the range given in Figure 17. An

extrapolation was made, approximating the Z vs.
2 8(crack depth/B) curve by the function (a/B) ' v s . Z ,

which plots as a nearly-straight line (Figure 18), and 

from which Z was read off. It was not verified that 

it was valid to make such an extrapolation; however 

the simulated service specimen was so much stronger 

than predicted by E q . II that great precision was 

not required for drawing conclusions from Figure 16.
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