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ABSTRACT

Transition temperatures for drop-weight type specimens were determined 

for two steels, with specimens of various thicknesses and proportional

sized brittle weld beads. Transition temperatures were determined for 

fast and slow loading.

Over the range of crack sizes investigated (0.08 - to 0.67 in.) 

there was a 40°F increase in transition temperature for each factor of 

two increase in crack depth for the ASTM A533 grade B, class 1 steel and 

a 60°F increase for each factor of two increase in crack size for ASTM 

A516 Grade 55 steel. From the smallest size tested (3/8 in. plate, 0.08 

in. cracks) of the A516 steel to the largest size of practical interest 

(12 in. plate, 2 in. crack for which the transition temperature was 

determined by analysis) the whole size effect is about 200°F for either 

steel. '

In both steels there was a small increase in transition temperature 

caused by increasing the loading rate by 40,000 : 1; namely 5-10°F for 

A533B steel and about 45°F for A516.

Using measured strain tolerance values for A533B steel obtained 

from this investigation and fracture toughness values from the litera

ture, an empirical formula was developed for strain tolerance as a 

function of fracture toughness, crack size, and plastic strain. The 

formula agrees with the fracture toughness data in the frangible region 

and with measured strain tolerance values in the tough region, thereby 

bridging the gap between linear elastic fracture mechanics and the 

concept of transition temperature. By means of the strain tolerance 

concept and the associated empirical formula, it is possible to calculate 

the effect of crack size on transition temperature (which agrees with 

observed values), and static-to-dynamic fracture toughness ratios can

viii
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be estimated.

In addition to the basic effects and concepts outlined above, 

additional useful information was obtained on suitability of Murex- 

Hardex-N weld rod, weld bead notch ductility, influence of heat- 

affected zone, strain-deflection relationships, the effect of multiple 

cracks, and the influence of pre-heat and post-heat in welding. Based 

on this information, certain modifications of the drop-weight test have 

been recommended. It is believed that these modifications will result 

in transition temperature values that are more in line with what is needed 

for conservative engineering practice.

The drop-weight test provides safe design data only if the signi

ficance of all the variables affecting transition temperature are under

stood and properly taken into account. This investigation provides 

some of the information needed for this purpose, particularly informa

tion on crack size, loading rate, welding conditions, strain level, and 

crack dynamics.

ix
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INTRODUCTION

The transition temperature concept has been used extensively in 

the design of steel structures. The transition temperature approach 

to prevention of brittle fracture is based on the concept that a 

structure has a characteristic temperature above which it cannot fail 

in a brittle fashion, while below this temperature brittle fracture 

is possible.

Transition Temperature Tests

A large number of transition temperature tests have been devised.

The Charpy V-notch test is probably the most commonly used of these

tests, mainly because it is cheap and easy to run. Tests on

larger and more complex specimens are generally considered to be of

greater practical significance, however. These tests include the

S.O.D. test, the Robertson Test, the Greene-Wells test, and the NRL

dynamic tear and drop-weight tests. All of these involve large plates,and some

contain welds. A choice among these specimens depends on engineering

considerations.

When a particular aspect of material behavior is sufficiently 

well understood, it is possible to apply the results of simple labora

tory tests to complex engineering situations. For example, elastic 

behavior is sufficiently well understood that the modulus of elasticity, 

as obtained from a simple tensile test, can be used to determine 

elastic deflections and distortions in complex structures. However, 

when an aspect of material behavior is poorly understood, good con

servative engineering practice dictates that the conditions in the 

laboratory test should closely resemble the conditions in service.



This is the situation in the case of transition temperature. Such 

factors as size, presence of welds, possibility of defects and rate 

of loading are likely to have, or known to have, an effect on transi

tion temperature, but the effects are not at all clear. Consequently 

the test should simulate service conditions as closely as possible.

Of the tests mentioned above, the ones which best meet this requirement 

are the Greene-Wells test and the NRL drop-weight test. They both 

involve welds and defects in large plates. Of the two, the NRL drop- 

weight test is preferable for several reasons:

1. It has been found to correlate well with service experience. 
(Puzak, et. al, 1958)

2. The scatter is smaller than in the Greene-Wells test.
3. It is cheaper and easier to run.
4. The test procedure is tied directly to the idea that the 

metal should be able to withstand a certain small amount 
of plastic deformation in the presence of a crack.

The drop-weight type specimen was selected for the program partly 

for the above reasons and partly because it most nearly simulates the 

conditions that are likely to be found in service. Since the designer 

bases the working stresses in a structure on the yield strength of the 

material used, it is logical to define transition temperature as the 

temperature at which the material will just fracture at a small plastic 

strain in the presence of a defect. This definition is consistent with 

the fail-before-gross-deformation definition of transition temperature 

that is the basis for the drop-weight test. The drop-weight test also 

incorporates other factors that are believed to influence fracture 

behavior. Those factors which are thought to promote embrittlement (in 

the sense of increasing the transition temperature), are strain rate, 

strain gradient, strain level, microstructure, restraint, defect size, 

welds, and residual stresses. The NRL drop-weight test incorporates
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all of these factors, and all but defect size, and strain gradient, 

and possibly welding conditions, are set at levels which have a high 

tendency to cause a high transition temperature. The factors to be 

considered in this investigation as being of primary importance are 

defect size and loading rate, for reasons which are described below.

The reason for investigating the effects of loading rate and 

defect size may be perceived in terms of the question of assurance of 

safety. Assurance of safety is governed partly by the magnitude of 

the safety factor and partly by the degree of uncertainty of the two 

quantities which go to make up the safety factor: (1) the severity

of the conditions that will cause fracture, and (2) the severity of 

the conditions that will be imposed on the engineering structure. In 

this instance, the main uncertainties are associated with item (1), 

particularly when "severity" is expressed in terms of transition 

temperature. Of the factors on which transition temperature depends, 

it was felt at the outset of this investigation that loading rate and 

defect size were in most urgent need of investigation, as being of 

potentially large effect.

Description of Drop-Weight Test

The drop-weight specimen is prepared by depositing a weld bead 

of a brittle hard-surfacing material along the center line of a three- 

point bend specimen. The weld bead is then notched to a specified 

depth (Figure 1). After notching, the specimen is loaded in three- 

point bending by impacting it with a falling weight. As the speci

men is deflected, the weld bead develops a crack into the specimen, 

and at some temperature the crack will propogate through and com

pletely fracture the specimen. Testing by this method has become
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the basis of a standard ASTM test method, ASTM E208-66T. When a 

transition temperature is determined in accordance with ASTM E208-66T 

it is termed the nil-ductility transition (NDT) temperature.

Figure 1. Drop-Weight Type Specimens
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Definition of Transition Temperature

In the past, transition temperature has been defined in a wide 

variety of ways. In many cases, two different tests give two differ

ent transition temperatures for the same material; and sometimes one 

even obtains two different transition temperatures from a given test 

on a given material, simply by observing two different kinds of effects 

in that test. Such discrepancies lead to considerable confusion, 

and so a reconsideration of definitions is appropriate here.

As an introduction to the subject of transition temperature, 

consider the following numerical example. From fracture toughness 

data on A533B steel (see Figurel9) and the fracture mechanics equation 

for a semi-elliptical surface crack (see page 50 ), curves of fracture 

strength versus temperature can be plotted for various crack depths, a 

as shown in Figure 2. Superimposed on this family of fracture strength 

curves is a curve of half-yield-strength versus temperature. The

100 ■ ■

80 ..s:

Sys/2
co

5 4 0 -

-200 -150 -100 -50 0 50
Temperature (°F)

Figure 2. Relationship of Transition Temperature to Fracture
Toughness
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intersection points (A, B, C, D) can be regarded as ’’transition tempera

tures", if "transition temperature" is defined as the temperature above 

which fracture will not occur unless the stress is more than half the 

yield strength. This definition of transition temperature is rather 

stringent and probably unduly conservative for almost any commercial 

situation. Nevertheless, let us examine the consequences of this defini

tion anyway, for the purpose of identifying the relevant factors.

Figure 2 shows that transition temperature may be expected to 

depend on the crack depth, the level of stress or strain which the 

metal is expected to withstand without failure, and any factors which 

affect fracture toughness, particularly strain gradient, the metallur

gical structure of the material, the strain rate, and the degree of 

restraint. A few words need to be said about each of these factors, 

and how each factor affects fracture toughness.

The most important factor governing toughness is probably the 

metallurgical structure. Figure 3 shows, for example, that the fracture 

toughness of tempered martensitic 4140 or 4340 at 200-220 ksi tensile 

strength is changing with tensile strength at the rate of 3 ksi / in 

for each one ksi change in tensile strength. Large variations can also 

occur in material that is nominally uniform, but which is actually non- 

uniform by virtue of welding or heat treatment. Figure 4, for example, 

shows the variation of toughness through the thickness of 12-inch A533B 

steel plate which has been water quenched and tempered at 1225 °F.

Note that a surface layer comprising about one-sixth of the plate 

thickness has a toughness that is greater than that of the core material 

by amounts that increase as the surface is approached. The surface
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transition temperature is 100 °F lower than that at mid-plate-thickness, 

and we shall see later that this difference in transition temperature 

corresponds to a fracture toughness ratio of about four. Figure 5 

shows some data by Krafft (1965) on mild steel which reveals the 

effect of strain rate on fracture toughness. In this case, the abscissa 

scale, which is the time derivative of the crack-tip stress-intensity 

factor, is proportional to the strain rate just ahead of the crack tip.
4  • oThe data at the lower rates (1 x 10 < K < 2 x 10 ), obtained by vary

ing the loading rates for stationary cracks, shows that a factor of 

2 x 105 increase in loading rate can cause a decrease in fracture

toughness by a factor of 2 1/2. The data at the higher rates
12 # 13(10 < K < 7 x 10 ), obtained from data on fast-propagating cracks,

Crack Velocity (ft /sec )
100 1000.01

200

If
» 150 $4
coco<ua
ob 100
3OH
a)M3■POcduPn

50
O- —

Crack Tip Stress-Rate Factor (psi J ITT/sec)

Figure 5. Expected Behavior of K as a Function of Strain Rate
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or "running" cracks, shows that a similar difference in toughness can 

occur between a slowly-loaded specimen with a stationary crack and a 

running crack ( V > 100 ft/sec). The former effect will be referred

to as the "loading-rate effect", and the latter effect as the "crack 

dynamics effect".

Restraint effects must be considered in two categories: (1) effects 

of the amount of material on either side of the advancing crack tip, or 

"transverse restraint"; and (2) effects of the amount of material ahead 

of the advancing crack tip, or "longitudinal restraint". For a given 

degree of restraint in one direction (preferably a large degree) the 

effects of restraint in the other direction level off, or become "sat

urated" as the degree of restraint increases. For example, in a through- 

crack, center-cracked plate, the transverse restraint increases with 

increasing plate thickness while the longitudinal restraint remains 

constant for constant crack length and plate width; and the fracture 

toughness decreases with increasing plate thickness until an irreducible 

minimum is reached, as shown in Figure 6. Similarly, longitudinal res

traint increases with increasing plate width, for a given plate thick

ness and crack length. While transverse restraint remains constant, the 

fracture toughness decreases with increasing plate width until an irre

ducible minimum is reached, as shown in Figure 7. When both width and 

thickness are sufficiently large, for a given crack size, we have a 

condition of "complete restraint", and the corresponding fracture tough

ness is called "plane strain fracture toughness", or IC .
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General knowledge of material behavior would indicate that a 

crack in bending is less damaging than the same crack in tension, 

other things (temperature, surface strain restraint, strain rate, 

etc.) being equal. The magnitude of the effect is not presently 

known, however. For a crack that is shallow compared with the beam 

depth, so that the crack tip sees a strain that is not much less than 

the surface strain, it is quite possible that a given crack will have 

very nearly the same effect in bending and tension. Whether or not 

this is true for the crack-depth to beam-depth ratio of the standard 

drop-weight tests would have to be ascertained.

The main factors governing transition temperature may now be 

enumerated:

1. Crack depth
2. Strain level
3. Metallurgical structure
4. Loading rate
5. Crack dynamics
6. Transverse restraint
7. Longitudinal restraint
8. Strain gradient (tension vs. bending)

Crack shape, crack sharpness, and crack orientation also affect fracture 

toughness, and therefore also transition temperature, but their effects 

do not need to be known when employing a design philosophy based on the 

"worst unfindable crack" (worst shape, most sharp, worst orientation). 

Even without crack shape, crack sharpness, and crack orientation, how

ever, the eight factors listed above presents a rather formidable array, 

and so the need for a realistic and practical definition of transition 

temperature becomes very evident.

Because of the way in which the engineer wishes to use transition 

temperature in design, the definition of transition temperature must be 

tied to engineering design procedures. In current practice, one of the
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main design considerations is that gross yielding shall not occur. In 

a pressure vessel, for example, the main cylindrical shell is custom

arily designed so that its diameter will not expand plastically during 

service by more than a small percentage, say 0.27o, even though the 

pressure might exceed the normal operating pressure by some factor, say 

1.5. In such a case, we say the vessel has been "designed against yield" 

and the safety factor on yield is 1.5. This is not to say, of course, 

that nowhere has the plastic strain exceeded 0.2% at 1.5 design pressure.

At nozzles, flanges, and other disturbances of the smooth cylindrical 

shell, there may be plastic strains of several percent. These are 

localized strains, however, and their presence does not constitute a 

malfunction of the vessel, providing of course that fracture does not 

occur. Thus, design against yield consists simply of setting the maxi

mum allowable hoop stress in the main cylindrical shell at a value which 

is equal to the yield strength divided by the safety factor.

An equally simple way of designing against fracture would be to 

limit the minimum allowable operating temperature so that fracture will 

not occur prior to general yielding; and this is the essence of the 

transition temperature approach. To use this approach, however, it is 

obvious that transition temperature has to be defined as that temperature 

above which fracture will be preceded by general yield, for the parti

cular application at hand. In the past, it has been widely assumed that 

this transition temperature is a single material characteristic; but it 

is evident from the above discussion that it is not. Besides metallurgical 

structure there are seven other factors which affect transition temperature; 

and these either must be taken into account, if they are different in 

test and service, or they must be kept the same in the test as in service.
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Fortunately, most of the factors which must be considered are of such 

a nature that they can be properly taken into account by minor modifi

cations of the standard drop-weight test. Recommendations to this 

effect will be made after a consideration of the test results and 

associated analysis.

A discussion of the definition of transition temperature would 

not be complete without a consideration of what is meant by "fracture". 

In the standard drop-weight test, the specimen is said to have "frac

tured" if the crack in the brittle weld bead has propagated completely 

across the tension surface, whereas it is said to have "not fractured" 

if the crack propagates anything less than completely across the tension 

surface. For commercial purposes, such a definition would be incom

patible with conservative engineering practice, consisting of:

1. A crack of known and serious propositions would not be toler

ated. Only minor sonic indications would be allowed. Major 

cracks would be cause for repair or rejection of the part.

2. Even though thorough non-destructive inspection indicated 

complete freedom from cracks, the design procedure would still 

be conducted on the basis that brittle fracture must not occur 

even if a crack existed that was just too small to be found. 

This is the "crack size" discussed above. It would be con

sidered to be of worst shape, sharpness, location, and orien

tation .

3. Under item 2, the requirement that "brittle fracture must not 

occur" would mean that catastrophic crack propagation must 

not originate from a stationary crack; the fact that such a
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crack would arrest ("pop-in") would not constitute justifi

cation for permitting such initiation.

It is this last requirement of conservative engineering practice which 

is incompatible with "fracture" criterion in the drop-weight test. 

Recommendations to be made later will deal with this inconsistency, 

among others.

Previous Transition Temperature Tests

Data from the literature provides information on some of the 

factors that govern transition temperature. Before considering this 

data, it will be helpful to list again the factors which ought to affect 

transition temperature, at least judging from theoretical considerations. 

These are

1. Longitudinal restraint
2. Transverse restraint
3. Crack dynamics
4. Loading rate
5. Metallurgical structure
6. Strain level
7. Crack depth
8 . Strain gradient

If enough of these factors are kept constant in a given test series, it 

will be possible to determine the effect of the (few) remaining ones.

Consider first the investigation of specimen thickness by Piizak and 

Babecki (1958), as shown in Figure 8 . All these specimens had the same 

bead size, which means, as we shall see later, that they all had the 

same crack dynamics (either running or arrested crack) (factor 3) and 

the same crack depth (factor 7). They were all tested at the same 

loading rate, fast, (factor 4) and at the same strain gradient, bending 

(factor 8). All specimens for one test series were cut from the same 

plate (factor 5) and the stop distance' to specimen depth to span relationship
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was such as to provide approximately the same strain level in all the 

specimens (factor 6). This leaves only transverse and longitudinal 

restraint as possible variables, by virtue of specimen width and thick

ness respectively. Since both width and thickness increased together 

(though not necessarily in proportion), and since both factors act in 

the same direction (an increase in either dimension tends to increase 

the restraint and raise the transition temperature), any observation 

of lack of effect indicates that there is no effect of either trans

verse or longitudinal restraint. Figure 8 shows that the effects are 

sometimes a little one way and sometimes a little the other, with an 

average effect of zero. Hence we must conclude that, over the range 

of specimen sizes tested, the bead and specimen proportions are such 

that there is not an appreciable effect of either transverse or longi

tudinal restraint. In other words, there is full restraint in both 

width and thickness directions even in the smallest specimens (l/2,r 

thick and 2" wide). What this means is that the weld bead size could 

be even smaller in relation to specimen size and still provide full 

restraint.

In each test series in Figure 8 the specimens of different thick

nesses were all cut from the same plate, thereby minimizing metallur

gical effects, as discussed above. In the case of A201 steel there 

were three test series from three different plates, thereby providing 

information on the "metallurgical size effect". The figure shows that 

there is little, if any, metallurgical size effect in A201; for 

example, at l/2"-3/4" specimen thickness the whole variation with 

plate thickness from 2" to 6" is only 20°F, and even that variation 

does not show any clear trend.
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Other data indicates a large metallurgical size effect, however. 

Figure 9 shows the results of drop-weight tests conducted by Stout, 

et. al, (1964) in which factors 3, 4, 6, 7, and 8 were kept constant 

while thickness was varied; and presumably there was full restraint ■ 

in both longitudinal and transverse directions, since the specimens 

were similar to those in the investigation of Puzak and Babecki dis

cussed above. Consequently the effects can only be accounted for by 

metallurgical size effects. The effects are quite large: 60°F for a

factor of four in plate thickness.

In other tests by Stout it is possible that the effects are due 

to transverse restraint. Figure 10, for example, shows Van der Veen 

(notch bend tests) as a function of specimen breadth. If there is no 

metallurgical size effect here, the results would indicate that full 

transverse restraint has been attained at one-inch breadth.

In all of the tests discussed above, transition temperature has 

been defined in the same way as in the present investigation, namely 

the temperature above which fracture will not occur in the presence of 

a certain strain level and crack size, and below which fracture will 

occur, or what Stout calls "ductility transition". Transition tempera

ture is often defined also as the temperature at which the fracture . 

surface is 50% shear and 50% cleavage, or "shear transition". Figure 11 

shows that ductility transition and shear transition are not the same 

thing; shear transition temperatures are lower and do not depend on 

size in the same way ductility transition temperatures do. Considera

tions discussed later in this report indicate that ductility transition, 

properly determined, is directly applicable to the question of safe 

design and operation of commercial structures; there is currently no 

information on the relevance of shear transition.
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Specimen Selection

As discussed previously, the specimen type most suited to the 

objectives of this investigation is the drop-weight specimen (ASTM 

Method E208-66T). Geometrically similar specimens 3/8 to 8 inch 

thick having dimensions based on those of the standard P2 specimen 

were tested. The thickness, width, and length of the specimens and 

the span and stop distance * were directly proportional to those of 

the P2 specimen.

In selecting weld bead dimensions in relation to specimen dimen

sions, fabrication problems in the very small and very large specimens 

had to be considered. If too large a ratio of weld bead size to 

specimen size were used, an inordinately large number of passes 

would be required on the largest specimens, even using the largest 

weld rod available. If too small a ratio were used, the weld bead 

would not be exactly proportioned in the case of the smallest speci

men, even though there was only one pass with the smallest size weld 

rod available. As a compromise, the ratio of weld bead dimensions 

to specimen dimensions was selected as half that in the standard P-2 

specimen. This compromise resulted in 50-75 passes in the largest 

specimen and weld bead dimensions only a little out of proportion in 

the smallest specimen (see Table I ). Considerations of the pre

vious section indicate that the weld-size to specimen-size ratio 

could vary considerably without affecting the conclusions.

The bead-size to specimen-size ratio as selected above corres

ponded to a weld bead size 0.33 in. wide, 0.16 in. high, and 1.67 in. 

long. The crack-starter dimensions of the other size specimens were 

proportional to these dimensions, (Table I). Figure 12 shows typical 

specimens. Geometrically similar specimens were used so that the test

Except for Preliminary Weld Bead Evaluation (Appendix).
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results would be correlatable with fracture mechanics analysis, where 

the inverse square root law is applicable for geometric similitude.
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MATERIALS

Two materials were tested during the program.

ASTM A533B Grade B Class 1 steel was tested as part of the Heavy 

Section Steel Technology Program at Oak Ridge National Laboratories.

A533B Class 1 steel is a quenched and tempered steel and has a specified 

ultimate strength range of 80 to 100 ksi and a minimum yield strength 

requirement of 50 ksi. The A533B specimens were all machined from HSST 

Plate No. 1 (12" thick) which had been normalized, austenitized, quenched, 

tempered, and stress relieved. With this processing typical room-tempera- 

ture yield strengths on the order of 70 ksi were developed for material 

from the interior of the plate. For a complete discussion of the process

ing and properties of HSST A533B plate no .01 the reader is referred to 

references 3, 9, and 10.

Testing of the ASTM A53 6 Grade 55 steel was sponsored by the ASME 

Committee on Prevention of Fracture in Metals. A516 Grade 55 steel is 

a nominal 0.24C plain carbon steel having minimum required tensile 

properties of 55 to 65 ksi ultimate strength and 30 ksi minimum yield 

strength. The A516 specimens were all machined from a single 8 inch 

thick normalized plate having a typical yield strength of 36 to 40 

ksi and ultimate strength of 60 ksi.

Composition and heat treatment of both steels are given in Table II.
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PROGRAM PLAN

The primary objectives of this investigation were to determine the 

effect of crack size and loading rate on transition temperature. To do 

this the following tests were conducted. Since these were believed to 

be the two most important factors affecting transition temperature as 

discussed in the introduction.

1. Slow-rate tests were conducted on 1 and 4 in. A533B steel

and on 3/8, 3/4, 1-1/2, 2-1/2, 4 and 8 in. A516 steel.

2. Fast-rate tests were conducted on 1, 2, and 4 in. A533B

steel and on 3/4 and 1-1/2 in. A516 steel.

3. Tests were also conducted to determine the effects of weld 

bead preparation techniques on transition temperature.

4. Tests were also conducted to determine the suitability of 

Murex Hardex-N weld rod for use as a crack-starter material.
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SPECIMEN PREPARATION

The methods of specimen preparation used in this study are discussed 

in this section.

Control of Heat Affected Zone Size

Early ,in the program the effect of the heat-affected-zone (HAZ) 

extent was studied. It was found that the size of the HAZ could influence 

the transition temperature, (See Appendix I). The influence of HAZ 

size can be understood in terms of "effective weld bead size". If the 

HAZ were as ductile as the base metal, the effective weld bead size 

would be equal to the actual weld bead size. If the HAZ were as brittle 

as the weld bead, the effective weld bead size would be equal to the 

combined size of the weld bead and its heat affected zone. For inter

mediate degrees of HAZ brittleness, the effective weld bead size would 

be intermediate between the above extremes. It will be shown later that 

the actual case is nearer to the latter extreme.

In view of these considerations, the HAZ size was made as nearly 

proportional to the bead size as possible by using various weld rod sizes. 

Complete similitude in this respect could not be attained because the 

available range of weld rod sizes was not as great as the range of bead 

sizes. However, since the HAZ was comparatively small in all cases, 

some lack of similitude with respect to HAZ size resulted in hardly any 

departure from similitude with respect to effective weld bead size. 

Actually, since full restraint prevailed in all sizes of specimens and 

since HAZ size and effectiveness were known, it was not really necessary 

to keep strict similitude with respect to effective weld bead size except 

for purposes of simplicity of analysis and hence a single weld rod size 

could have been used: but these facts were not known at the outset of

the investigation.
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Machining of Specimens

Specimens from both the A533B and the A516 were machined from a 

single plate of steel.

The A533B specimens were machined from (12-inch) HSST plate 1 

and were machined from the following locations. The grain orientation 

was longitudinal.

a. The 4 in. thick specimens were machined from the 0 in. to

4 in. plate depth.

b. The 2 in. specimens were machined from the 2 in. to 4 in. 

plate depth.

c. The 1 in. specimens were machined from the 3 in. to 4 in.

depth and the 2 in. to 3 in. plate depth.

d. The 3/4 in. specimens were machined from the 3 1/4 in. to 

4 in. depth and the 2 1/2 in. to 3 1/4 in. plate depth.

The specimens were machined from the interior of the plate to 

avoid the toughness gradient present in the first 2 in. of the plate.

The crack-starter weld was deposited on the deepest surface of each

specimen to assure maximum material uniformity, “thus preventing 

material toughness variations from affecting the results of these 

tests.

All specimens of the A516 steel were machined from a single 8 in. 

thick plate. The grain orientation of all specimens was transverse. 

With the exception of the post-heated 2 1/2 in. thick specimens, each 

specimen was welded on an original plate surface so that all specimens

^Toughness variations over the center 8M of the plate correspond to no 
more than 30°F in transition temperature, as contrasted with 70°F varia
tion within the first 2 in. from the surface, Figure 4.

**This material would not be expected Lo have non uniform toughness 
through the thickness.



T-1312 28

would have the same toughness on the tension surface even if there 

were a toughness gradient through the thickness of the plate. The 

crack-starter weld on the 2 1/2 inch specimens was prepared on the 

2 1/2 in. deep face, and so the transition temperature determined 

from this set of specimens could possibly be a little high.

Welding Procedure

All specimens were manually welded using a D.C. power source.

Initially the crack-starter welds were made with no preheat or 

post heat. However, when an attempt was made to weld the 4 in. speci

mens in both steels weld cracks developed during welding. It was 

believed that this problem could be eliminated by preheating during 

welding. A 4 in. specimen welded with 500°F preheat developed no 

cracks and appeared to substantiate this solution to the cracking 

problem.

Several 1 in., 2 in. and 4 in. A533 specimens were then welded 

with this technique. However, within 2 to 3 days after welding delayed 

cracks began to develop in the 4 in. specimens. The delayed cracking 

was believed to be the result of high hydrogen content of the weld rod.

A new welding process was then developed. This process consisted 

of vacuum baking the weld rod at 750° to remove hydrogen, and pre

heating the specimens to 500°F before welding. A minimum interpass 

temperature of about 450°F was maintained during welding. After welding 

the A533 Grade B specimens were post heated at 500°F for 24 hours and 

the A516 specimens were post heated at 600°F for 24 hours.

This procedure eliminated weld cracking in all but the 8 in. A516 

steel. In these specimens even with all the above precautions, the 

combination of multiple passes, low bead ductility, and high specimen 

restraint made it impossible to obtain a crack-free weld.
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Because the welding procedure was changed during the investigation, 

two sets of data are available for each steel for two different welding 

conditions. The tests conducted on the smaller specimens prior to develop

ment of the final welding procedure were repeated in order to produce a 

consistent set of data over the full range of sizes.

Cross sections of welds made by the two processes used on the A533B 

1 in. specimens were made and checked for hardness differences. No 

appreciable difference in hardness was found. For this steel and thick

ness, the hardness of the welds varied from Rc 53 at the crown to Rc 42 

at the base.

The weld beads were notched with a hand-held airmotor and abrasive 

cut-off wheel. With this method flat-bottomed notches having a width of 

about 1/16 in. were obtained.

The weld bead sizes and number of passes are shown in Table I. 

Murex-Hardex N flux-coated weld rod was used to prepare the weld beads.
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TEST PROCEDURES

The test methods used in this study are discussed in this section. 

Fast Rate Tests

The standard ASTM test procedure delineates the specimen design, 

weld bead preparation procedures, drop height, weight of striking 

tup and stop distance. Several necessary exceptions to the ASTM method 

were made. Specifically the drop height, tup weight and specimen 

design varied from the ASTM standard. The specimen design and crack- 

starter preparation have been discussed in a preceding section of this 

report.

All fast-rate tests were conducted by dropping a cable-guided 

weight on the specimen from a height of 25 ft. A height of 25 ft. 

was selected for two reasons: (1) This height resulted in an impact

velocity of 480 in/sec and hence a large difference in strain rates 

between the fast and slow tests was obtained; (2) Increasing the drop 

height allowed the weight of the impacting tup to be a reasonable 

size in the large tests.

For each steel, the weight of the striker was scaled in proportion 

to the cube of the specimen thickness in order to maintain similitude, 

as discussed previously. A 251b weight was used for the 1 in. A533B 

specimens, 2001b for the 2 in. specimens and 16001b for the 4 in. 

thick specimens. A 151b weight was used for the 3/4 in. A516 specimens 

and 1201b was used for the 1 1/2 in. thick specimens. The weights were 

made from lead weights placed in a steel frame and were of rectangular 

cross-section. The impacting surface extended the complete width of 

the specimen.
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Cylindrical support and loading edges were used. The diameter of 

the loading edges were scaled in proportion to the specimen thickness, 

i.e., a 1 in. diameter rod was used for the 1 in. thick specimens and 

a 4 in. diameter rod was used for the 4 in. thick specimens. The load

ing rod was laid in position on the specimens and the striker weight 

was then dropped onto the rod. The stop blocks were made from steel 

bar stock.

Slow-Bend Tests

The slow-rate tests were done in a tensile machine with crosshead 

speeds proportioned to specimen dimensions to give a strain rate of 

about 0.15 in/in./min. for all tests. The support and loading fixtures 

were the same as those used for the fast-rate tests with the exception 

of the 8 in. thick specimens which were loaded with a 7- inch diameter 

rod.

Instrumentation

Strain gage measurements (using 1/2 in. foil strain gages) and 

deflection measurements were recorded for the slow-rate tests and 

strain gage readings only were obtained for the fast-rate tests. The 

slow-rate data were recorded with SRA-7 recorders and the fast-rate 

data were recorded on an oscillograph.

The strain gages were placed longitudinally on the specimens in 

line with the notch and adjacent to the crack-starter weld. No stop 

was used in the slow-rate tests. Strain at fracture was recorded 

except where it exceeded 3 1/2% (the strain corresponding to the stop 

distance). Deflection was measured at fracture or up to the point 

where the test was discontinued. These deflections can be converted to
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strains by means of a graph to be presented later.

In the slow rate tests, weld bead fracture could be detected in 

most of the tests. This was usually evidenced by both a "blip'1 in 

the load-strain curve (see Figure 13)and simultaneously an audible 

pop-in, but in a few cases only the pop-in could be detected. Thus, 

when specimen fracture was non-simultaneous with weld-bead cracking, 

the crack-arrest-and-reinitiation phenomenon was readily evident.

In the fast tests, fracture strain was measured in all cases 

where fracture preceded bottoming except where the gage failed. It 

is reasonable to suppose that, as with the slow-rate tests, specimen 

fracture sometimes was preceded by crack arrest and initiation and, 

sometimes not, but circumstances did not permit these two cases to 

be observed directly; the lower instrumentation sensitivity did not 

reveal "blips’, and other noise obscured pop-in.

The deflectometer used to measure mid-span specimen deflection 

was an SR-7 beam-type deflectometer. The movement of the deflectometer 

beam is transferred to a strain-gage beam that is part of the 

instrument. The output of the strain-gage beam can then be autographi- 

cally recorded, so a continuous load-deflection curve was obtained for 

the specimens.

The output accuracy of both the strain gages and the deflectometer 

was + IX. Chart recordings could be read to an accuracy of + 25 

micro in./in. for the strain gages and +0.00075 in. for the deflectometer.
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Temperature Control

The temperature of the specimens was monitored by means of thermo

couples embedded in the tension surface of the specimens. During slow 

testing of the specimens smaller than 2 in. thick a temperature rise* 

of 3 to 5°F occurred during test. In the larger specimens the tempera

ture rise was less than 2°F. In addition to the surface thermocouple 

one was also placed at mid thickness of the 4 in. specimens. Tempera

ture variations from surface to center of these specimens were less 

than 1°F. For thinner specimens this variation would be less.

The specimens were brought to the test temperature by sub-cooling 

in refrigerators or over-heating in ovens and then allowing them to 

come to the test temperature. An exception to this was the 3/8 in.

A516 specimens which were cooled in liquid nitrogen.

Weld Fracture
cd !

2000|j.in/in *

for  Slow-jrate test  \

*In the tests above ambient temperature the variation was even smaller 
because the coo Ling tendency was counteracted by plastic heating
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RESULTS AND ANALYSIS

The test results obtained during the program are presented and 

discussed in this section.

The Effect of Size on Transition Temperature

The test- results obtained from the similitude specimens are 

presented in Tables III to VI. Transition temperature was taken as 

the average of the lowest temperature for no fracture and highest 

temperature for fracture. Since temperature intervals between tests 

were typically 5 - 15°F, the uncertainty in transition temperature is 

about +5°F. These data are plotted on rectangular coordinates in 

Figures 14 and 15 to show the general effect of defect size on transi

tion temperature. In these figures, the abscissa is "bead height" 

(distance from plate surface to top of bead, or "bead reinforcement"). 

As discussed later, crack size is directly related to bead height, but 

in two different ways depending on fracture mode. For arrested-and- 

reinitiated weld bead cracks ("static" fracture), the arrested crack 

is about 2.5 times as deep as the weld bead height. Hence the crack 

size "seen" by the parent metal when reinitiation takes place is 2.5 

times bead height.' For continuing crack propagation from weld bead 

into parent metal with resulting complete separation ("dynamic 

fracture), the crack size "seen" by the parent metal is equal to 

"bead thickness" (bead height plus penetration, as shown in Figure 16), 

or a little more than the bead height. Data for both fracture modes
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TABLE V . F a s t - R a t e  Test Results fpr A516 Grade 55 Steel

Specimen Thickness
(in)

Temperature
(°F)

Strain at Fracture 
(in./in.)

Fracture

15 3/4 - 50 0.004 Fracture

17 3/4 - 40 -- Fracture
16 3/4 - 30 full deflection No fracture

A-11 1 1/2 0 0.016 Fracture
4B 1 1/2 + 20 0.008 Fracture
8B 1 1/2 + 32 full deflection No fracture

TABLE VI - Fast-Rate Test Results for A533 Grade B Class I Steel

Specimen Thickness
(in)

Temperature
(°F)

Strain at Fracture 
(in./in.)

Fracture

01MF16 * 1 - 25 -- Fracture
01MF19 * 1 - 15 -- Fracture
01MF15 * 1 - 10 full deflection No fracture
01MF17 * 1 + 10 full deflection No fracture
01MG1 * 2 + 20 0.008 Fracture
01MN3 * 2 + 20 -- Secondary
01MQ2 * 2 + 20 0.010 Secondary
01MA5 * 2 + 30 full deflection No fracture
01MF15 1 + 10 0.012 Secondary
01MM13 1 + 15 full deflection No fracture
01MF18 1 + 25 full deflection No fracture
01MJ4 2 + 40 0.009 Fracture
01MG4 2 + 53 full deflection No fracture
01MM1 4 + 90 -- Fracture
01MW2 4 + 100 full deflection No fracture

* Welded with preheat only. All other specimens with both preheat and 
postheat.
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Figure 14 Transition Temperature Results for A533B

100

80

20

Preneat 4- PostheatS o
Preheat Only

-20

Bead Height (in.)



Tr
an

si
ti

on
 

Te
mp

er
at

ur
e 

(*
F)

T-1312 39

Figure 15. Transition Temperature Results for A516
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Bead ThicknessBead Height 
(Reinforcement)/

Penetration

Figure 16. Weld Bead Geometry

can be plotted in the same graph in spite of the difference in crack 

size, because the crack size effects are counteracted by other factors, 

as discussed later.

In Figure 15 the point at 0.080” defect size was corrected *from 

-115°F to -135°F because of the single-pass weld (see Appendix). The 

fact that this point lies on the same trend curve with the other points 

shows that there is nothing special about thin plate that precludes 

measuring its transition temperature, even though ASTM specification 

E208-66T does not deal with plate less than 5/8". Apparently the only 

limitation is in fabricating small weld beads, as discussed earlier.

As can be seen from Figure 14, increasing the defect size from 

0.167 in. to 0.667 in. resulted in an increase in transition tempera

ture of about 80°F for the A-533B. Increasing the defect size from 

0.080 in. to 0.67 in. resulted in an increase of 180°F in transition 

temperature for the A-516 (Figure 15).

The transition temperature data for both steels has been replotted 

in Figure 17 with the transition temperature plotted as a function of the 

logarithm of the defect size. Plotted in this manner, the data for both

*The correction for the HAZ size was negligibly small for the other spec! 
mens, and was considered unnecessary.
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steels is roughly linear and so linear trend lines have been drawn. 

(Actually, the line for A533B is slightly concave upward and that 

for A516 is slightly concave downward.) From the slope of the trend 

lines we see that the transition temperature increases by 40°F per 

factor of two increase in defect size for the A533B steel, and 60°F 

per factor of two for A516.

Since the trend lines in Figure 17 are not actually straight, the 

above statements of the size effects in the two steels must be regarded 

as rules of thumb, and will not be accurate outside the range of data. 

For example, note that the linear trend line for A516 gives 150°F at 

2-inch crack depth, as contrasted with an extrapolated value of 110°F.

Stout, (1967), has suggested that plotting transition temperature 

as the reciprical square root of specimen dimensions may give a linear 

plot. This was done in Figure 18 for both steels. A case could be made 

for drawing linear trend lines by virtue of the fact that none of the 

points would fall off its linear trend line by more than 10 - 15°F. 

However, there seems to be a definite upward concavity, especially 

for A516 where there are more data points to define the trend; and 

so the curves have been drawn with this non-linear trend.

The physical significance of straight trend lines in Figure 18 is 

that there is a "ceiling” transition temperature which is not exceeded, 

even for very large cracks. The straight trend lines in Figure 18 

would indicate a ceiling transition temperature of about 175°F.

Extrapolation of the curved trend lines to 2" bead height (12" 

plate) gives transition temperatures of 120 and 170°F for A516 and 

A533B steels respectively. These values agree with the extrapolated 

values from Figure 17. The extrapolated values of 120 and 170°F in
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Figure 18 are considerably higher than what would be indicated by 

the linear trend lines.

The curved trend lines in Figure 18 suggest that there may not 

be, in principle, a "ceiling" on transition temperature, since the 

curves may be asymptotic to the temperature axis. Figure 17 also 

provides evidence in support of this point of view, since there is 

no ceiling for a linear trend line, and furthermore the A533B line 

is concave upward. In practice however, there is actually a ceiling, 

because there is a practical limit on size.

Relationship of Transition Temperature to Fracture Mechanics

Fracture toughness values (Kjc) f°r A533B steel, as a function of 

temperature (T), are available in reference 5 (Wessel, 1968); and these 

values have been plotted in Figure 19 . The rapid upswing of the curve 

suggests that extremely high fracture toughness values might occur at 

temperatures not much greater than 50°F (although these higher values 

cannot be obtained by direct fracture toughness testing without the 

use of inordinately large specimens). Since transition temperatures 

are usually higher than the highest temperature at which fracture 

toughness can be obtained with a reasonable-sized specimen, an extra

polation is necessary. Extrapolation is more reliable when the line 

to be extrapolated is straight or nearly straight, rather than highly 

curved as in the case of Figure 19. Consequently a suitable function 

of T or Kj-C was sought for which the T - Kjc graph would be nearly

linear. Figure 20 shows that lo§10 “ 37'  ̂ is nearly linear with T *
With the aid of the data in Figure 19 and the extrapolation of

Figure 20 we are now in a position to determine transition temperature,

and how transition temperature varies with crack size. This can be

done by taking advantage of the "strain tolerance" concept.
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Figure 20. Logarithimic Extrapolation of Fracture Toughness Data
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Strain tolerance is the fracture strain as measured well away from the 

notch, so as not to be influenced by the stress disturbance caused by 

the presence of the notch itself. In the frangible region, where 

linear elastic fracture mechanics is applicable, strain tolerance is 

simply the modulus of elasticity divided into the fracture strength 

as determined from fracture toughness and the appropriate fracture 

mechanics formula. Thus, when fracture toughness is given as a func

tion of temperature, and crack size is specified, the strain tolerance 

curve can be determined, for the frangible region. In the tough 

region, beyond that in which linear elastic fracture mechanics applies, 

no satisfactory method except direct measurement has yet been devised 

for determining strain tolerance. In the present investigation,

"strain at fracture", as tabulated in Tables III and IV, is probably a 

good approximation^of strain tolerance, for those cases where the 

failure was by static f r a c t u r e T h e  available values of strain 

tolerance are summarized below:

Material Plate Pre-Heat Post-Heat Test Strain
Thickness Temperature Tolerance

(in.) (°F) (in./in.)
A533B 1 Yes Yes +5 0.028
A533B 4 Yes Yes +60 0.020
A533B 4 Yes Yes +80 0.014
A516 2.5 Yes Yes +20 0.011
A516 2.5 Yes Yes +30 ‘ 0.009

, the term "strain tolerance" has the same meaning as "gross
strain", and refers to concepts developed by Randall-
Strain tolerance is considered to be more descriptive and less
ambiguous than Randall's original term.

** The values might be somewhat too high if the strain disturbance from 
the crack has not died off sufficiently in the distance from the crack 
to the gage.

*** xhe values for dynamic fracture reflect only the weld bead notch 
ductility, not strain tolerance of the base metal.
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Not very many strain tolerance values are available because these 

values were obtained only incidentally to the main purpose of the 

investigation, namely the determination of transition temperature.

Transition temperatures will now be calculated, as a function 

of crack size, for A533B steel; corresponding calculations will be 

made later for A516 steel in connection with the subject of crack 

dynamics. Figure 21 shows strain tolerance information from two 

sources: the empty and filled circles are strain tolerance values

in the tough range as observed directly in the tests. The dashed 

lines are calculated from the fracture toughness data of Figure 19 , 

using the fracture mechanics equation for a semi-elliplical surface

involving the ma j or ~axis-to-minor~-axis ratio a/c. For the frangible 

case, we are dealing with nominal stresses (S) that are far below the 

yield strength (Sy), and so equation ( 1 ) reduces to

In other words, equation ( 2 ) does not have the plastic-zone-size 

correction in it.

In this particular investigation, the crack shape, as expressed 

by a/c, varied somewhat, depending on whether the crack was an arrested 

or running crack. For the case of the arrested crack, a/c was a 

little less than unity. For purposes of the following calculations,

crack

1.1 /ITT
(1)

where (f) is the elliptical integral

o

3  ■  T . T  f r r  a
(2 )
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Figure 21. Frangible Strain Tolerance Curves for A533B
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a/c was arbitrarily taken as 0.9 for which equation ( 2 ) reduces to

K_ g   Ic
f 1.3 ,/a / (3 >

In this equation, "a" is crack depth, or 2.5 times the bead height, 

as discussed in the Appendix; thus, using the data in Table I , 

a = 0.42" for the one-inch specimens and a = 1.66" for the four-inch 

specimens.

Figure 23 shows that the measured strain tolerance values, are 

higher than the calculated elastic values, for a given value of 

temperature. For example, for the one-inch A533B specimen tested 

at +5°F, the strain tolerance is 0.028. This specimen had a bead 

height of 0.167, and the crack in this bead arrested and re-initiated 

in the course of the test. From the data given in the Appendix, the 

arrested crack depth is estimated at (2.5) (0.167) = 0.416 inches.

For this crack depth, and K^c = 80,000psi. IfLn. for 5°F, equation (3) 

gives Sf = 95,400; and the corresponding frangible value of strain 

tolerance is 95,400/30,000,000 = 0.00318. Note that the measured 

strain tolerance of 0.028 is almost nine times as large as this 

calculated value for frangible behavior. It is possible that part 

of this difference is due to the difference in type of loading (bending 

for the tests and tension for the calculations), and part maybe due to 

the difference in crack shape, but most of the difference is due to 

plastic strain, as discussed below.

In the above calculations, the arrested crack depth has been 

estimated at 2.5 times the bead height, or 0.416 inches. The smallest 

value that "a" in equation ( 3) could possibly have and still be 

consistent with the geometry of the weld bead for the experimental
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one-inch plate is the depth the crack would have if it arrested at 

the fusion line and the weld reinforcement were subsequently machined 

off flush with the plate surface, namely the depth of the weld pene

tration, or 0.083". For this value of "a" one obtains Sf = 214,000 psi 

from equation (3 ) and a calculated frangible strain tolerance of 

0.0071. This is the largest value the calculated frangible strain 

tolerance could have.

In the tests, the strain was measured alongside the weld bead on 

the tension surface of the bend specimen. Thus, the measured strain 

tolerance of 0.208 for the one-inch plate is plate-surface value. The 

corresponding strain at the crack tip, considering the linear distri

bution in bending is

This is the nominal strain seen by the crack tip; and the rest of the 

crack front sees larger strains, up to 0.028. A similar crack in a 

uniform strain field of 0.0233 (tension specimen) should be less severe 

than the crack in the actual specimen; consequently the strain tolerance 

in tension should not be less than 0.0233. This is the smallest value 

the measured strain tolerance value could have in a tensile test.

Now if we compare the smallest possible measured strain tolerance 

in tension (0.0233) with the largest possible calculated (frangible) 

fracture toughness value of 0.0071, corresponding to the smallest' 

possible value of arrested crack depth in the test, we find that the 

measured value is still larger than the calculated value by a factor of

0.0233 in

0.0233
0.0071

3.3
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Thus, the difference between calculated and measured values cannot be 

entirely accounted for by type of loading and crack geometry; it has 

to be accounted for at least partly by plastic strain. The fact that 

the strain tolerance is higher when there is plastic flow than in the 

elastic case is not at all surprising, for it is well known that

plastic flow lessens the stress concentration factor, and it very

likely also diminishes the degree of restraint.

Although the dashed lines in Figure 21 have been drawn to +50°F, 

the full range of the toughness data of Figure 19 , they are not valid 

up to this temperature. In principle they are not valid anywhere, since 

equation (1 ) applies only if the metal is elastic everywhere and this 

is true for a sharp crack only at zero nominal stress; in practice, 

however, there will be some value of Sf in equation (l ) such that the 

plastic flow will be sufficiently localized that equation ( 1) will be

close enough for practical purposes. This value of Sf will depend, of

course, on the error that can be tolerated in the application at hand, 

and it will probably depend also on the general geometrical configura

tion (semi-elliptical surface crack, buried elliptical crack, cylindri

cal bar with an annular grove, etc.). Thus, the dashed curves are 

valid for practical purposes up to some (as-yet-unknown) point. This 

point divides the so-called "frangible" region from the so-called 

"tough" region, and is the "limit of validity of linear elastic 

fracture mechanics" as specified by ASTM Committee E24.

The plastic flow in the tough region was taken into account by

modifying equation (3 ) with a multiplying factor (1 + n € ) where €

is the plastic part of the strain tolerance, and n is a disposable

parameter. Thus, the modified equation is A f = ^Ic ^  + n ^  (4)
1.3 E faT
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This modification fits the observed facts in that the modified formula 

reduces to the linear elastic fracture mechanics formula for the 

frangible range, it can be made to fit the data by choice of "n", and 

it is tied to plastic strain which should be the sole cause of the 

difference in behavior between the tough and frangible regions.

Since equation (4 ) involves both total and plastic strain, the 

relationship between these two quantities is needed. For this purpose 

we shall assume* a rather flat stress-strain curve (strain-hardening 

exponent of 0.05), and temperature-independence of the yield strength. 

Expressed mathematically,

S = B € °-05

where B is governed by the fact that S = 70,000 when € = 0.002. Thus

70,000 = B (0.002)0 *05 

B = 95,600 

S = 95,600 6 0,05 (5)

Total strains are obtained by adding the corresponding elastic strains 

to these plastic strains, as plotted in Figure 24 .

The value of n in equation ( 4) can now be determined by substi

tution. Consider the one-inch plate, for example, where the strain

tolerance ( X _ ) is 0.028 at a temperature of +5°F. The correspond- f
ing € is 0.0253, and the fracture toughness at +5°F is 80,000 psi/in.

*Actually, there is a yield point jog followed by a rising portion, but 
approximating this by a smooth curve simplifies the calculations and is 
close enough for the present purposes. Also, since yield strength only 
varies from 60,000 to 85,000 psi over the temperature range of interest 
(-100 to +140°F), an average value of 70,000 psi will be sufficiently 
accurate.
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(see Figure 19 ). Substituting,

0.0280 = 180,000) (1 f 0.025n )
(1.3) (30,000,000) VGTbT

n = 311

In a similar manner, using a point midway between the two data points 

for the four-inch plate, n = 228. Then averaging the twon values

and substituting into equation ( 4),

KIc (1 + 270 € )
Af= i. 3 e nr y '

Strain tolerance curves can now be plotted, one for each value of 

"a". This is most conveniently done by selecting a range of values of 

€, finding the corresponding values of X  from Figure 22 and equa

tion (5 ), substituting into equation (6 ), and solving for

Then the corresponding temperatures can be read from Figure 19 or 20 . 

This has been done for the one-inch and four-inch plate (see Figure 23 ). 

Note that agreement with the experimental points is good, - surprisingly 

good considering the fact that the empirical expression contains only 

one disposable parameter. (Better fit could be obtained, of course, 

by using a two-parameter empirical expression.) Note also the rapid 

upswing of the curves in the tough region; for the one-inch plate, for 

example, the frangible region ends at about -75°F (compare actual strain* 

tolerance curve, shown dashed), and the curve becomes very steep at 

strains of a few percent.

The shape of the strain tolerance curves in the tough range is 

governed by the empirical factor (1 +n^£) in equation ( 6 ). We have

seen that this factor leads to extremely steep curves in Figure 23 , 

and there is some question as to whether this extreme steepness is 

realistic. It should be pointed out that a different empirical factor
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could be devised, corresponding to a lesser steepness; but in that 

case the frangible region would end at a lower temperature, and 

correspondingly lower values of fracture toughness and fracture 

strength. The present empirical expression locates the tough-frangi

ble boundary at a strain tolerance of 0.002 (see Figure 23), with a 

corresponding fracture strength of (0.002) (30,000,000) = 60,000 psi 

which is somewhat higher than the value corresponding to present 

requirements on limitations of frangibility of 0.5 Sy —  35,000 psi 

imposed by ASTM Committee E24. Thus, the present empirical expression 

could be modified to give a less steep curve in the tough region and 

still be consistent with current requirements of ASTM.

In the present investigation, based on ASTM Standard E208-63T 

transition temperature is defined as the temperature at which the 

strain tolerance is 3.5%, as discussed previously. These transition 

temperatures can be read from Figure 23 as the intersection points of 

the strain tolerance curves with the 3,5% strain line. The transition 

temperatures can also be obtained more simply by substituting X = 0.035, 

together with the corresponding € value, solving for and looking

up the corresponding transition temperature on Figures 19 or 20. The 

result of such calculation is shown in Figure 24 , together with the 

experimental points. In the range of the data (1-inch to 4-inch plate), 

the calculated curve has a slope corresponding to 27°F for each factor 

of two in crack depth, which is somewhat less than the measured effect. 

The calculated curve indicates that the crack depth effects will be 

somewhat smaller at larger crack depths, about 16°F per factor of two 

in crack depth in the 2-10.” crack depth range as compared with 27°F 

per factor of two in the measured range of crack depths. Extrapolation
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Figure 24. Predicted Transition Temperatures for A533B
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of the measured curves (see Figure 17 ) also indicates the crack size

effect is smaller at the larger crack size.

Loading Rate Effects

As can be seem from Figures 14 and 15 , the loading rate does affect 

transition temperature in both steels, but the effect is small, 5 to 10°F 

for A533B and about 45°F for A516.

Strain rates were estimated as follows. For the fast rate tests, a 

drop height of 25 ft. was used. This results in an impact velocity of 

V = \J 2 gh = \/2(25)32.2 = 40 ft/sec = 480 in/sec. For the 2 in.

specimens * the stop distance was 0.160 in. The time required to 

deflect the specimen 0.160 in. at a velocity of 480 in/sec would be;

The strain, at this deflection, is about 3.5% so the average strain

rate would be .035 jn/in = .035 (3000) = 105 in/in/sec or ~  6000/min. 
1 sec 
3000

Thus, the average strain rate for the fast test on the £” specimen was 

about 6000/min. Since the strain rate for all the slow rate tests was

0.15/min, by virtue of proportioning the head speed to specimen thick

ness ,

In the preceding section we have seen how the concept of strain 

tolerance can be used to extend fracture mechanics into the tough region,

t = 0.160 in.
480 in/sec

1 sec 
3000

6000
.15

40,000

*This sample calculation is for 2" specimens, strain rates will be some
what higher for the small specimens and somewhat lower for the large 
specimens.



T-1312 59

thereby permitting the calculation of the crack size effect on transi

tion temperature. The same basic concepts and methods may now be used 

to find the effect of loading rate on transition temperature.

Figure 25*shows Krafft's data on Project E steel (mild steel), com

piled from Figures 6.2.13 and 6.2.14 of Reference (8) , which were

compiled by Wessel from References 23, 24, and 30. Figure 25 shows 

plane strain fracture toughness (Kjc) as a function of temperature 

and the time rate of change of the crack tip stress intensity factor 

(K). The abscissa quantity K is a measure of the strain rate ahead
f IQ----------of the crack tip. The data for K < 10 psi yin/sec was obtained 

from tests at various loading rates applied to stationary cracks, while
•  1 2  rr-the data for K > 10 psi vin/sec. was obtained from observations on 

running cracks (100-4000 ft/sec.).

Figure 25 shows that there is a considerable rate effect near 

room temperature, with the magnitude of the effect becoming smaller at 

lower temperatures and almost disappearing at very low temperature. At 

a temperature of -12°F there is a minimum in toughness at K = 1 0 ^  or

1 0 ^  psi >/in/ sec.; data at the lower temperatures are not available to 

delineate the minimum, if there is one.

Figure 26: shows the crossplot of Figure 25. The top curve, for 

slow (or "static") loading (see also Figure 6.2.17 of Reference 8 )

is defined by data points from Figure 27 for -320 < T < -150°F and

by reading from the trend lines in Figure 27 for -100°F and -12°F. If 

the strain rate corresponding to this curve is considered to be the 

same**as in the slow-rate tests of this investigation, then the curve

* The minimum points on the curves have been drawn at the same value of 
fc. It is not known whether the minimums do all occur at this value.

**Krafft gives K (psi \/in/sec) = 0.0856 CT (psi/sec), which gives
e = 0.187 min. which is very close to 0.15 min. ”1 in this
investigation.



T-1312
(•or V 01TSM) X 60

oo o00 R Ooj

vo

> 0<

•HH<UO-PC/3

-PO<1)•r~3O
&

-P

OO
o
oM

-Po<u
a
•meg
<DU
a
a

i—1

o 0O -4- O

•H03ft
fl•H

•£4
Oi—Hb0

3

CVJ

•UI ATS)[ 0I)j °^3 o t;



T-1312 61

100
90
80
70

r: 6o
H 50 g to 
o 3°H1*4
20

10

*6>

-320 -280 -2^+0 -200 -l60 -120 -80 -40 to 80 1200

Temperature (°F)
Figure 26. Crossplot of Figure 25



T-1312 62

marked "fast loading" in Figure 26 will correspond to the fast-rate 

tests of this investigation, since the ratio of values of K of 40,000:1 

is the same as the strain rate ratio of this investigation.

By using the KjcvsT curves in Figure 26 for slow and fast loading,

together with equation (6), strain tolerance-temperature curves can

be computed in the same way as in the preceding section. Such curves

are shown in Figure 27 for the 2^-inch plate for which the arrested

crack depth is estimated at 1.05 in. The figure shows that a 75°F

shift of transition temperature would be expected. This is higher

than the 45°F actually observed for A516 steel, possibly because Project

E steel is more rate sensitive (more change in Kj_c for a given change in 
•K) than A516, or possibly because n = 270 (assumed in the calculations) 

is applicable to A533b but not to Project E steel. The important con

clusion here is not the relative rate sensitivity of two mild steels, 

but rather the fact that transition temperature data and fracture tough

ness data can be compared by means of the strain tolerance concept.
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Figure 27. Strain Tolerance Curves for Mild Steel
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Observations of Failure Modes In Slow Bend Tests

Three modes of failure were observed during slow-rate tests.

1. Fracture occurred at the strain where a crack first developed 

under the crack-starter notch. This crack is a running crack, 

when it enters the specimen, and type of fracture is referred 

to as "dynamic fracture".

2. The initial dynamic crack was arrested in the specimen, but 

later, at some larger strain, it reinitiated and fractured 

the specimen. This failure mode is referred to as static 

fracture.

3. A second crack developed elsewhere in the crack-starter 

bead and caused fracture. Secondary cracks develop at a 

strain value that is greater than that value required for 

initiation of the crack under the notch. Fracture caused by 

a secondary crack may be dynamic or static.

The same failure modes are possible for the fast-rate tests; 

however, it was not possible to determine whether the cracks causing 

failure were static or dynamic. The observed failure modes are tabu

lated in Tables III through VI.

A schematic representation showing what factors govern the fracture 

behavior is shown in Figure 28 .
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Figure 28 Fracture Diagram for Drop-Weight Type Specimens

As discussed later, the data indicate that the curves have the qualita

tive shape and relative locations as shown, but the data do not provide 

quantitative information on shape and position. The qualitative infor

mation is that weld bead ductility increase with temperature, either 

notched or unnotched, and that the unnotched ductility is not much 

greater than the notch ductility. Likewise, both strain tolerance 

curves rise with increasing temperature. At low temperature, where 

frangible behavior prevails, their ordinate ratio would be Kj c / % cj if 

the arrested crack in the static case would have arrested at the fusion 

line; otherwise the difference in crack size would have to be taken 

into account.

65

Strain at stop
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At temperatures lower than point A, when the weld bead breaks at 

the notch, the strain in the parent metal is already higher than that 

needed to support a running crack, and so the specimen fails. At 

temperatures between A and B, when the weld bead breaks at the notch, 

the strain in the parent metal is not high enough to support a running 

crack, and so the crack is arrested. It will reinitiate and cause 

fracture when the strain becomes equal to the static strain tolerance. 

At temperatures between B and C, the weld bead crack that starts from 

the notch is arrested as before, but it does not reinitiate because 

the strain for each reinitiation is now larger than the unnotched 

bead ductility, and so a second weld crack occurs. This is a running 

crack, and it will continue to run throughout the parent metal because 

the strain at which it occurred is greater than that needed to support 

its progaogation in the parent metal. At temperatures between C and D 

both primary and secondary weld bead cracks are arrested because they 

have been initiated at strains lower than that needed for the parent 

metal to support a running crack. One of these weld bead cracks will 

reinitiate when the strain reaches the static strain tolerance curve. 

At temperatures above D, neither a primary or secondary weld bead 

crack would reinitiate, because the strain that would be necessary for 

reinitiation is higher than the strain that corresponds to the stop 

distance. The heavy line delineates the real behavior; the light 

lines indicate hypothetical behavior alternative to the actual 

behavior.



T-1312

Dynamic Effects of a Running Crack

From Tablellland IV, it can be seen that static fracture between 

dynamic fracture and no fracture is more likely in the larger specimens 

than in the smaller specimens. For example, Table IV shows, for A516 

specimens welded with both preheat and postheat, that 3/4" specimens 

had dynamic fracture at -90°F and no fracture at -80°F, thereby 

permitting 10°F at the most where static fractures could have occurred; 

while 2 1/2” specimens had static fractures covering at least the 

temperature range from +20 to +30°F.

The reason why static fracture occurs between dynamic fracture 

and no fracture under some conditions, while not occurring under other 

conditions can be understood by reference to Figure 29 , Figure 29 a 

shows a situation similar to that of Figure 2&} but (for simplicity) 

where secondary weld bead cracks do not occur . Figure 29 b shows the 

same situation with respect to strain tolerance, but where the weld 

bead notch ductility is higher, such as is the case for the smaller 

beads, with their shallower notches, in the smaller specimens. Note 

that static fractures do not now occur. This is due to the fact that 

A is now to the ri^ht of D, instead of to the left. Thus, the greater 

tendency of the larger* specimens to exhibit static fractures can be 

understood in terms of the above concepts, such as the strain tolerance 

concept.

*Figure 28 illustrates how weld bead notch depth affects the prevalence 
of static fractures. Notice that anything which affects the shape and 
relative position of any of the curves will affect the prevalence of 
static fractures.
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The above concepts regarding the occurrence of static fractures 

can be applied also to Project E steel by plotting the strain tolerance- 

temperature curves for the static and dynamic cases corresponding to 

arrested and running cracks, respectively, under slow loading conditions. 

As before, the strain tolerance curves will be obtained from fracture 

toughness data and the appropriate crack size, and using the modifying 

factor (1 + 270 €)* to extend the fracture mechanics data into the 

tough range.

The fracture toughness data for Project E steel are shown in 

Figures 25 and 26. The top curve in Figure 26 is for slow loading in 

the presence of an arrested crack (K = 8 x 10^ psi / in'/sec.). The 

bottom curve in Figure 26 is for a running crack, crossplotted from 

Figure 25 at the minimum-toughness point. For purposes of comparison, 

the crack sizes to be used in combination with these two toughness 

curves were taken as the crack sizes for the 2.5-inch A516 plate. In 

the case of the running crack, crack size is the bead height, 0.42 

inches, and in the case of the arrested crack, crack size is 1.05"

(2.5 times 0.42" - see Appendix). The strain tolerance curves, corres

ponding to these crack sizes and fracture toughnesses, are shown in 

Figure 30. The point corresponding to D in Figure 28 ,is found in 

Figure 30 by intersecting the static fracture curve with a horizontal 

line at 0.035 strain (the strain at the stop distance). The point 

corresponding to A in Figure 28 is found in Figure 30 by intersecting 

the dynamic fracture curve with the curve of weld bead notch ductility

*This factor was derived for A533B steel, and it is not known whether 
it applies to Project E steel or not.
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obtained from Figure 35 . The fact that point A falls to the right of 

point D means that no static fractures would be expected in 2.5-inch 

Project E steel, as indicated by Figure 29b. The fact that static 

fractures were observed in A516 steel means that the static-to-dynamic- 

toughness ratio of A516 steel is lower than that of Project E steel, 

giving more closely spaced strain tolerance curves and thereby permitt

ing point A to be to the left of point D. This conclusion agrees with 

that obtained by comparing transition temperatures for fast-rate and 

slow-rate loading, and furnishes another example of the value of the 

strain tolerance concept.

Figure 29 also shows why the transition temperatures were observed 

to be very sharp. When static fractures occur below the transition 

temperature (Figure 29a), the transition temperature is sharp because 

of the steepness of the static strain tolerance curve. When dynamic 

fracture occur below the transition temperature (Figure 29b), the transi

tion temperature is sharp because of the abrupt shift in mode of fracture.

We have seen that the rate effect (change in Kjc for a given change

in K) in A516 steel is smaller than that in Project E steel, thereby

resulting in static fractures being observed in A516 between dynamic

fracture and no fracture, whereas static fractures would not be expected

in Project E steel. When the rate effect is expressed in terms of

fracture toughness, as we have done above, the quantitative measure of

how big the rate effect is could be conveniently expressed as the static-

to-dynamic toughness ratio, In Figure 26, for example, the room-

temperature (70°F) toughness ratio for Project E steel is 250/70 = 3.6.

*Here the term 'rstatic" implies slow loading, as well as the reinitiation 
of an arrested crack.
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Of course, the toughness ratio can be'a function of temperature; for 

Project E steel the toughness ratio at -320°F is only 17/12 = 1.4.

But the toughness ratio is only one way of expressing the rate 

effect; one could also express the rate effect in terms of the shift 

of transition temperature between static and dynamic transition 

temperature. Since transition temperature depends on many factors, 

as discussed in the Introduction, to express the rate effect in terms 

of a transition temperature shift would require all other factors to 

be constant, and in particular crack size and strain level. In the 

frangible region, where strain is proportional to stress, and stress 

is proportional to toughness at constant crack size, the shift in 

transition temperature between static and dynamic transition tempera

ture is simply the temperature shift between static and dynamic strain 

rates, or between static and dynamic K - values, at a given level in
• O —toughness. In Figure 26, for example considering K = 8 x 10 psi yTn/sec. 

for "static" conditions and K = 2 x 10"^ psi >/TrT/sec. for "dynamic"

conditions (running crack), the temperature shift varies from 210°F 

at Kjc = 12.5 k s iJ in to 120°F at Kjc = 80 ksi Vin. for Project E 

steel. In the tough region, the shift would probably be similar to 

that at the larger K-j-c value, that is, in the neighborhood of 120°F.

For A516 steel, the rate effect, expressed as a transition tempera

ture shift, may also be estimated by combining the effects of several 

known factors, namely strain rate, strain level, and crack size. The 

semi-quantitative effects of these factors are illustrated in Figure 31.

The figure is quantitative in that it agrees with all observations on 

A516 steel, but it is only qualitative in the sense that the shape of 

the strain tolerance curves is unknown for A516 steel because fracture 

toughness data are not available. These strain tolerance curves have
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been drawn with the same shape as those for Project E steel, though dis

placed horizontally to fit observed facts.

No Fracture-♦StaticDynamic Fracture
Fracture

Crack Dynamics Effect (90°F)

Stop Distance (3*5$)

Crack Size Effect (80°F)'

P-

Ho t c h B e a d ^ i 5 ■^•Strain Level-
Effect
(28°F)

-3b - -13 0 1- 2S 35 i+5 55 65

Temperature (°P)

Figure 31. IP rt 1 tier. at’ Crack by i c Effect
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Figure 31 shows strain tolerance curves GH and JK for actual
• 11conditions in 2.5-inch A516 plate: for a running crack, K is 2 x 10 

psi y/Tn./sec. and the crack size seen by the base metal is the weld 

bead height, a = 0.42 inches; for an arrested crack in a slow-rate 

test, K = 8 x 10^ psi \fln/sec. and the arrested crack size is 1.05 

inches (2.5 times 0.42 inches). As explained in connection with 

Figure 28, there will be dynamic fractures to the left of point A, 

the intersection point of the strain tolerance curve for a running 

crack and the weld bead notch ductility curve. The weld bead notch 

ductility curve has been drawn through two points (triangles) taken 

from Table IV. There will be no fractures to the right of point D, 

the intersection point of the strain tolerance curve for an arrested 

crack with slow loading and the 3.5% strain line corresponding to 

the stop distance. This strain tolerance curve has been drawn 

through two points (circles) taken from Table IV. Between points A 

and D there should be static fractures; and for this reason the strain 

tolerance curve has been drawn in such a position that the observed 

static fractures at +20°F and +30°F do indeed fall between points A 

and D.

Since the arrested crack size corresponding to curve GH is not 

the same size as the weld bead crack corresponding to curve JK, the 

horizontal shift between these two curves does not respresent the 

strain rate effect. To represent the strain rate effect, we must 

compare strain tolerance curves at different rates and the same crack 

size namely 0.42 inches. We have seen that the crack size effect is 

nearly linear on semilog paper (Figure 17) and that for A516 steel 

the slope corresponds to 60°F per factor of two in crack size. Since 

0.42 inches is 2.5 times smaller than 1.05 inches, and since the 

logarithm of 2.5 is 4/3 that of 2, the size effect between 0.42 inches
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and 1.05" is 4/3 x 60°F = 80°F . Consequently curve LM for a = 0.42" 

and K = 8 x 10^ ps sec. has been drawn 80°F to the left of curve

GH for a = 1.05" and K = 8 x 10^ psi v/irT/ sec.

Now we are in a position to estimate the strain rate effect. This 

is done by comparing curves LM and JK, both for a = 0.42", but for 

K - values corresponding to "static" and "dynamic" conditions respec

tively. The horizontal shift between these two curves is 90°F. This 

is considerably smaller than the 120°F or so for Project E steel. We 

have seen already that A516 steel is less rate sensitive than Project 

E steel by comparing the temperature shift between fast-rate and slow- 

rate loading for arrested cracks. It must be emphasized again, how

ever, that the important point is not the comparison of rate sensiti

vities of two steels_, but rather the fact that transition temperature 

can be correlated with fracture mechanics data by means of the strain 

tolerance concept.

Figure 31 contains information that illustrates the effect of 

several factors on transition temperature. For the actual case tested, 

2 1/2-inch A516 steel plate, the transition temperature falls by defi

nition at point D. Let us suppose, however, that the weld bead had 

been precracked at a high enough temperature that crack arrest had 

occurred at the fusion line, thereby resulting in an arrested crack 

whose size is represented by a = 0.42 inches. In this case, the 

transition temperature would fall at point M, 80°F lower. We could 

call this the "static transition temperature for crack-size-equals- 

bead height."

On the other hand, if the weld bead were not precracked, but 

its notch ductility were made just less than 3.5% by suitably adjust

ing hardness and notch depth, the intersection point A between the 

weld bead notch ductility curve and the dynamic strain tolerance curve



would nearly coincide with K, giving a transition temperature 10°F 

higher than that actually observed. We could call this a "dynamic 

transition temperature" since all failures right up to the transi

tion temperature would be dynamic fractures by running cracks. The 

crack size, of course, would again be equal to weld bead height, since 

this is the crack size seen by the parent metal when the weld bead 

crack first propagates into the parent metal. Also, for both static 

and dynamic transition temperature, the definition of transition 

temperature is in terms of 3.5% strain, thereby eliminating the strain 

level effect as a factor.

Now the quantitative effect of the factors can be observed. The 

"pure" crack dynamics effect (not adulterated by crack size effects or 

strain level effects) is 90°F. The crack size effect is 80°F and strain 

level effect (between 0.004 and 0.035) is 28°F (see Figure 31). These 

effects are in the opposite direction to the crack dynamics effect, 

and so the apparent, or "net" effect of crack dynamics is comparatively 

small, only about 10°F. It must be emphasized, however, that this is 

not the true crack dynamics effect; as discussed above, the true effect 

is 90°F.

We have seen that, for the given crack starter weld bead size of 

Figure 31 (0.42 in.) and a given strain level of 3.5% transition tempera

ture could be anywhere from 80°F less to 10°F more than the observed 

transition temperature, depending on precracking temperature and weld 

bead hardness. In the actual investigation, the weld bead was not 

artificially precracked at an elevated temperature, but rather was 

"naturally" cracked at or near the transition temperature, and conse

quently the arrested crack was larger than the weld bead height. As 

explained above, this crack size effect partially counteracts the effect
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due to the difference in strain rate between "static" and "dynamic" 

fracture. Nevertheless, the dynamic transition temperature, as defined 

above, will always be higher than the static transition temperature 

because the fracture toughness associated with a running crack is lower 

than that of an arrested crack of the same size.

Whether an observed transition temperature will be a "static transi

tion temperature" or a "dynamic transition temperature" will depend on 

weld bead height, because of the effect of weld bead height, with its 

proportionately deep notch, on weld bead notch ductility. This effect 

is shown in Figure 32. This figure is semi-quantitative in the same 

sense as Figure 31. The figure shows the data for 3/4" and 2 1/2" A516 

plate and strain tolerance curves that have positions* conforming to the 

data. The figure summarizes the information already shown in Table 

and Figure 15: for 2 1/2" plate the transition temperature is +35°F

and there are static fractures just below the transition temperature; 

for 3/4" plate the transition temperature is -85°F and there are dynamic 

fractures just below the transition temperature. There is a difference 

in transition temperature of 120°F.

Figure 32 illustrates the combined effect of two factors, both of

which are governed by weld bead height: crack size ("a") and weld bead

notch ductility. By far the largest effect is a result of crack size;

for example, there is a shift of 115°F between the two curves for

K = 2 x 10" psi 7'in/sec for a change in crack size of a factor of

0.42/0.125 = 3.36. The smaller effect is due to weld bead ductility;

the higher weld bead ductility in the case of 3/4" plate causes the

intersection point (A) between the dynamic strain tolerance curve and

*As before, the shapes of the strain tolerance curves are for Project E 
steel. Fracture toughness data for A516 steel are not available for 
constructing strain tolerance curves.
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the weld bead notch ductility curve to be to the right of the intersec

tion point (D) between the static strain tolerance curve and the 3.5% 

strain line, instead of to the left as is the case for the 2 1/2" plate. 

This has the effect of making the transition temperature for the 3/4" 

plate higher than it would be otherwise; if the weld beads had been pre

cracked, a static transition temperature would have been observed at 

some lower temperature than point A, such as D. Thus, the "pure" size 

effect would be represented by the distance DD^, which is larger than 

the observed effect. This effect is summarized in Figure 33, where the 

solid lines represent the "pure" crack size effect for static and 

dynamic conditions respectively, and the dashed line represents actual 

conditions. Figure 33 shows how the pure crack size effect would be 

larger if anything, than the observed effect.

Observations Pertaining to Procedural Details

In addition to the main effects discussed above valuable conclusions 

can also be drawn with respect to several items of procedural importance. 

The first of these pertains to stop distance.

Figure 34 shows how non-dimensionalized deflection (deflection 

divided by specimen thickness) varies with surface strain at mid-span.

By plotting non-dimensionalized deflection, rather than actual deflection, 

we obtain a single curve for all thicknesses, because the specimens are 

geometrically similar.

The trend line in Figure 34 conforms to both requirements that it

has to satisfy, namely that the strain is 3.5% at the stop distance and

that the initial slope must conform to elastic behavior. This initial

slope is 4.7, computed as follows.

Ordinate
t I 48EI
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Figure 34. Variation of Non-Dimensionalized Deflection 
With Strain for Drop-Weight Specimens
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where P, 1, b, t, and E are load, span, width, thickness (beam depth), 

and modulus, respectively. Elastic strain is:

Note that strain is proportional to non-dimensionalized deflection 

in the elastic region, but in the plastic region the strain increases 

faster and faster, with respect to non-dimensionalized deflection. This 

fact has the practical significance that the strain in terms of which 

transition temperature is defined (3.5% for the drop weight test and in 

this investigation) cannot be regarded as porportional to the stop dis

tance. Note for example, that cutting the stop distance in half (pointyj

in the figure) causes the strain to be one-third as large as before (1.2%).
As we have seen, weld bead notch ductility has an influence on the

occurrence or non-occurrence of static fractures, and hence on transi

tion temperature. Consequently, it is important to know the effects 

of the pertinent variables. The effects of temperature, bead height, 

and welding conditions are shown in Figure 35 .

The figure shows a strong effect of both notch depth, which is 

proportionate to bead height and specimen thickness; and temperature.

The trend lines have been drawn as though the notch ductility doubled 

for each 60°F increase in temperature ; but in those cases where the 

scatter is low enough to justify any conclusion, the data points 

indicate that the temperature effects might be even larger. For a 

given temperature, there is a factor of ten lower notch ductility for 

a factor of 5 greater notch depth. The notch depth effect would be

e _1
E
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Figure 35. Weld Bead Ductility
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even larger if, as suspected, the temperature effect were larger than 

the trend lines indicate. The very large notch depth effect is surpris

ing; it is larger than the inverse square root law would predict.

The data indicate that preheat and postheat cause a lower notch 

ductility than welding with no preheat or post heat. This was found 

to be true for both the 3/4" size and the 1 1/2" size. Apparently 

the weld bead material is tougher without preheat and post heat because 

of the faster cooling rate.

The two "strain-at-crack-initiation" values for the "dynamic- 

secondary" fractures of 1" A533B steel (Table III ) indicate that 

unnotched ductility is not much higher than notch ductility for these 

brittle weld beads, at least for bending.

Another procedural item pertains to weldability, and the resultant 

effect on the range of sizes that could be investigated. Since it was 

not possible* to weld the 8-inch thick specimens without developing 

multiple weld cracks in the crack-starter bead it was decided to deter

mine the transition temperature by using the natural cracks to initiate 

fracture. So, the specimens were preheated, welded, post heated, and 

then tested in slow bending (Figure ,36)- An extrapolation of the post

heat, slow-rate curve in Figure 15 predicted that the transition tempera

ture should have been about 80°F for this size specimen. Specimens were 

tested at 80°F, 60°F and 45°F. No failure occurred, thus indicating a 

lower transition temperature by at least 35°F. The probable reason for 

the lower transition temperature is as follows. Each of the multiple

*This difficulty was not encountered in the preliminary weld bead evalua
tion where the large bead was laid on a 3/4-inch plate. This weldability 
problem with the eight-inch plate is due to the greater restraint.
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Figure 36 - Slow-Rate Test of 8” A516 Specimen (45°F)



cracks (Figure 37) has a lower stress concentration factor (Peterson 1958) and 

hence a lower stress intensity factor than a single crack would have, 

thereby, promoting a larger brittle fracture strength, a larger strain 

tolerance, and a lower transition temperature.

Another procedural item pertains to HAZ thickness. It was found 

that transition temperature was affected to a small degree (20°F) by 

the difference between single-pass and multiple-pass welding. The 

details of the investigation of this effect are in the Appendix,

Figure 37 - Multiple Weld Cracks in Weld on 8" 
A516 Specimen (After test)
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Comparison with Standard P2 Specimen

Standard drop-weight tests of the A533 steel were made in accord

ance with ASTM method E208-63T using the standard ASTM E208-63T P2

specimen. Then simulated P2 specimens were made. These specimens 
\
were welded with 5 passes of 3/32 in. diameter weld rod with preheat 

only. Thus, both types of specimen had the same size crack-starter 

bead, but prepared by different methods. The results are shown in 

Table VII .

TABLE VII COMPARISON WITH P2 SPECIMEN FOR A533B STEEL

Specimen
Number

Specimen
Number

Test Temperature 
o p

Fracture

01MT9 P2 20 No fracture

01MT10 P2 20 No fracture

01MT11 P2 10 complete

01MA8 P2 0 complete

01MA9 Simulated P2 0 No Fracture

01MA10 Simulated P2 -10 complete

01MA6 Simulated P2 -20 complete

The standard P2 specimen had a transition temperature of +15°F, 

which agrees with that found by Berggren (Reference 3). The simulated P2 

specimen had a transition temperature of -5°F, which is 20°F lower 

than that of the standard P2 specimen. This result agrees with that 

obtained in the preliminary weld bead evaluation on A-7 steel 

(Appendix I). The reason for this result is that the simulated P2 

specimen has a smaller HAZ than the P2 specimen and the overall 

specimen is, therefore, tougher than the standard P2 specimen.
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Charpy Tests

Standard V notch charpy specimens of the A516 alloy were tested 

in accordance with ASTM method E23-64. With reference to the simil

itude specimens the charpy specimens were oriented as shown in 

Figure -38 .

The results are plotted in Figure 39.

Figure 38. Orientation of Charpy Specimens

40

20

6040200-20
Temperature (°F)

Figure 39. Charpy Results for A516 Steel
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It has been observed empirically that the temperature at which 

30 ft-lb is required to fracture a charpy specimen is sometimes 

quite near the NDT temperature. For the A516 steel the 30 ft-lb 

charpy level is about +45°F.

Although the transition temperatures in Figure 15 are not NDT 

temperatures by virtue of the dimensions, an estimate of NDT tempera

ture for the A516 steel can be made. The standard NDT crack-starter 

weld is roughly the same size as that used on the 1 .5-inch specimens

in this program. So, by looking at the fast rate curve in Figure 15,

an estimated NDT temperature of +25°F can be read off. This temperature 

must be reduced by 30°F to account for the different welding conditions 

and increased by 20°F because of the number of passes, giving a net 

correction of -10°F. Considering the difference in test procedures 

used in this program and those specified to determine the NDT tempera

ture, the charpy 30 ft-lb fix of 45°F and the estimated NDT temperature

of 15°F correlate well. NDT and 30 ft-lb C tt can also be compared

for A533B steel. Elsewhere (Berggren 1966) Charpy tests have been made 

on A533B and a 30 ft-lb charpy fix of about 0°F has been obtained. The 

NDT temperature of +10°F determined in this program compares favorably 

with the value of 0°F using charpy fix and with Berggren's (1966) value 

of 0°, (Reference 3).

The Effect of Welding Variables on Transition Temperatures

We have seen in previous sections that there are large effects on 

transition temperature due to crack size, loading rate, and crack dynamics. 

Although welding conditions were not specifically a subject of investiga

tion, nevertheless the conditions of welding were found to be important.
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The transition temperatures obtained from the specimens that had been 

pre-heated and post-heated during weld preparation were higher than 

those that had either only preheat or no thermal processing during 

welding (20°F for A533B and 20 - 40°F for A516). The effects are as 

large or larger than the loading rate effects. The process of pre

heating and post-heating probably results in lower residual stresses 

than one which had not been welded in this manner. At first, it would 

appear anomalous that a specimen that had less residual stress would 

have a higher transition temperature than one which had high stress. 

Perhaps this occurs because the residual tension is in the weld bead, 

where its detrimental effect is small because the weld bead is brittle 

and notched anyway, whereas the residual compression is below the 

weld bead in the parent metal, where it could have a strong beneficial 

influence on either a catastrophically propagating crack or on the 

reinitiation of an arrested crack. If this were so, a reduction of 

residual stress by virtue of a change in welding conditions would make 

crack propagation easier, with resulting increase in transition tempera

ture .
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SUMMARY

Transition temperatures were found to be very sharp and well-defined. 

The abruptness of the transition from "no fracture" to "complete fracture" 

is due to the steepness of the strain tolerance curves, in the static 

case, and to an abrupt change in failure mode, in the dynamic case.

Over the range of crack depths investigated (0.08 in. to 0.67 in.) 

there was a 40°F increase in transition temperature for each factor of 

two increase in depth for A533B steel and a 60°F increase for each 

factor of two increase in crack depth for A516 steel. The trend of the 

data indicated that the effects might be smaller at larger crack sizes 

for A533B and larger at larger crack sizes for A516. The trend in A533 

at larger crack sizes is also evident from the results of an analysis 

based on extrapolation of fracture toughness data from the literature.

By using the concepts of strain tolerance and linear elastic fracture 

mechanics, together with fracture toughness and strain tolerance data for 

A533B, it is possible to calculate the variation of transition tempera

ture with crack depth. In the range of crack sizes investigated 

(0.17 - 0.67 in.),the calculated transition temperatures agreed very well 

with the measured ones. By extrapolating the fracture toughness data to 

higher temperatures, transition temperatures for larger crack depths 

(1 - 10 in.) could be calculated; in this range of crack depths, the 

calculated size effect is somewhat smaller than in the measured range of 

crack sizes - about 25°F increase in transition temperature per factor 

of two increase in crack depth, as compared with 40°F in the measured 

range of crack depths.
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Extrapolating curves of transition temperature versus log crack 

depth to 2-inch crack depth (12-inch specimen thickness) gives transi

tion temperatures of +110°F for slow tests on A516 and +170°F for fast 

tests on A533B. These values are about 200°F higher than the correspond

ing values of -90°F and OOF for 3/4-inch plate with 0.125-inch crack 

depth.

There was a small effect of loading rate in both steels. Increasing 

the rate by a factor of 40,000 increased the transition temperature by 

5 - 10°F for A533B steel and about 45°F for A516 steel.

The effects of this same rate difference on transition temperature 

was calculated for another mild steel and found to be 75°F. Thus, the 

rate effect varies considerably even within the class of steels called 

"mild steel".

The observed transition temperatures were sometimes "static" (asso

ciated with the re-initiation of an arrested weld bead crack) and some

times "dynamic" (associated with continuing fast-propagating crack running 

from the weld bead into the base metal), sometimes at a lower strain 

(when failure results from the first weld -bead crack) and sometimes at 

a higher strain (when failure results from the second weld-bead crack).

The different behaviors can be understood in terms of static and dynamic 

strain tolerance of the base metal, notched and unnotched ductility of 

the weld bead, and the influence of temperature and notch or crack 

depth on the properties of both materials. Also, rate effects associated 

with crack dynamics(expressed as shift of transition temperature) can 

be estimated from observations on failure mode, by utilizing the strain 

tolerance concept.
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Using measured strain tolerance values for A533B steel from this 

investigation and fracture toughness values from the literature, an 

empirical formula was developed for strain tolerance as a function of 

fracture toughness, crack size, and plastic strain. The formula agrees 

with the fracture toughness data in the frangible region and with measured 

strain tolerance values in the tough region, and it correctly predicts 

transition temperature as a function of crack depth.

For the larger crack sizes (2 1/2 - 4" plate) in both steels, static 

failures were observed to occur between dynamic fracture and no fracture. 

This mode of failure occurred over a range of temperatures of at least 

10 - 20°F. This 10 - 20°F range represents the combination of three 

effects: the basic crack-dynamics effect and two effects which are

related to crack dynamics by virtue of the nature of the behavior of 

materials, namely the crack-size effect and the strain-level effect.

The two related effects act in the opposite direction to the basic crack- 

dynamics effect, and consequently the 10 - 20°F net effect is an order 

of magnitude smaller than the pure crack-dynamics effect by itself. The 

crack-dynamics effect can be obtained from the range of temperatures in 

which static failures are observed to occur, using the known crack- 

depth and strain-level effects.

Transition temperature, defined as the temperature which is just 

high enough to avoid fracture in the presence of a certain strain, strain 

rate, crack depth, etc., depends, among other things, on the strain level 

which the metal must be capable of tolerating. Transition temperatures 

in this investigation are for a strain level of 3.5%, that for the 

specified stop distance in the standard P-2 NRL drop-weight test. Analysis 

of the data in terms of the strain tolerance concept enables one to deter-
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mine how much lower the transition temperature would be if the strain 

tolerance requirement on the metal were reduced. Example: at 0.42-inch

crack depth, a reduction in strain tolerance from 3.5% to 0.4% reduces 

the transition temperature by 28°F. This is not a startling change in 

transition temperature, even for stringent manufacturing and operating 

conditions.

Tests on 3/8"-thick specimens indicate that there is no reason why 

material thinner than that discussed in ASTM specification E208-63T 

cannot be tested for transition temperature, providing of course, that the 

transition temperature test is properly conducted.

Plotting transition temperature against reciprocal square root of 

crack depth, after the fashion of Stout, yields curves that are slightly 

convex upward. Extrapolation of these curves gives the same transi

tion temperatures as those obtained by extrapolation of the curves 

against log crack size; apparently either method of extrapolating is 

satisfactory, if the extrapolation is not too long. The fact that the 

faired curves are not straight does not contradict Stout's point of 

view, because the crack depth effects being considered here are not 

directly related to restraint effects.

If welding is done with pre-heating and post-heating, the transition 

temperature is 20° - 40°F higher than otherwise. The effect is larger 

than the loading rate effect'. The effect is opposite to what one
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would have expected; it might be associated with a reduction of favor

able residual stresses below the weld bead.

Murex Hardex-N weld rod is suitable for making the weld beads for 

these transition-temperature-type tests over the range of temperatures 

and sizes investigated, except that poor weldability prevented the making 

of uncracked beads on specimens over four inches in thickness. Here, 

"suitable" means that the notch ductility of the weld bead was less than 

the strain at the stop distance, 3.5%. The notch ductility was less 

than 3.5% even though the larger beads were as soft as 42Rc near the 

base.

For a given weld bead size, 0.5" wide x 0.18" high, five-pass 

welding caused a heat-affected zone width of 0.07 in., only 407. as wide 

as the 0.17-inch width for single-pass welding. The transition tempera

ture was 20°F higher for the single-pass weld than for the five-pass 

weld. This effect is nearly as large as if the weld bead size were 

considered as including its own heat-affected zone, or in other words, 

the HAZ is nearly as brittle as the weld bead. The effects of the 

size of the heat-affected zone were taken into account in the size 

effect studies by suitable selection of the size of the welding wire.

The notch ductility of the weld bead is very sensitive to both 

notch depth and temperature. Within the range of the data(-140 to 90°F), 

the notch ductility approximately doubles for each 60°F increase in 

temperature, but there is some evidence that the temperature effect is 

smaller at higher temperatures. For a given temperature, there is a
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factor of ten lower notch ductility for a factor of five greater notch 

depth. This notch depth effect is greater than that predicted by the 

inverse square root law.

As plastic flow proceeds in these three-point bend tests, the 

local strain at mid-span increases with non-dimensionalized deflection 

more rapidly than in the elastic region. This behavior has the effect 

that doubling the stop distance triples the local strain.

Multiple weld bead cracks are less severe than single weld bead 

cracks by an amount that corresponds to at least 35°F lower transition 

temperature. This effect is related to the fact that the theoretical 

stress concentration factor for multiple notches is less than that for 

a single notch.

In view of the above considerations it is recommended that certain 

modifications be made in the drop-weight test to bring it more into 

line with conservative engineering practice. These modifications 

consist of precracking the weld bead, testing the specimen statically, 

using an appropriate range of crack depths, and using a more realistic 

criterion of "fracture".



CONCLUSIONS

Transition temperature is significantly affected by crack size.

Over the range of crack sizes investigated there was a 40°F 

increase in transition temperature for each factor of two increase 

in crack depth for A533B steel and a 60°F increase for each factor 

of two increase in crack depth for A516 steel.

Transition temperature is less affected by loading rate. Increasing 

the rate by a factqr of 40,000 increased the transition temperature 

by 5 to 10°F for A533B and about 45°F for A516 steel.

Various failure modes were obtained during testing. Fractures 

were sometimes static and sometimes dynamic.

There is evidence to support the conclusion that the crack-dynamics 

effect is larger than the combination of the crack-size effect and 

the strain-level effect.

Tests on 3/8 in.-thick A516 specimens indicate that there is no 

reason that material thinner than that currently discussed in 

ASTM E208-66T cannot be tested.

If weld preparation is done by pre-heating and post-heating the

transition temperature is increased by 20 to 40°F.

The concepts of fracture mechanics and transition temperature can

be related to each other by means of the strain-tolerance concept. 
The use of design values such as NDT + 60 is likely to result

in designs that are marginal in regards to operating safety.
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ENGINEERING RECOMMENDATIONS

The practical applicability of transition temperature values, as 

obtained from the standard drop-weight test, can now be evaluated in 

the light of the above information. As discussed earlier, transition 

temperature can be affected by

1. Longitudinal restraint
2. Transverse restraint
3. Crack dynamics
4. Loading rate
5. Metallurgical structure
6. Strain level
7. Crack depth
8. Strain gradient

These factors will now be evaluated from the point of view of possible 

modifications of the drop-weight test for the purpose of obtaining a 

value of transition temperature that is more consistent with good 

engineering practice, and in particular, that is not unconservative.

Indirect evidence (see pl4 ) indicates that specimen breadth 

and depth in the drop-weight test are sufficiently large compared to 

the bead dimensions that full longitudinal and transverse restraint 

prevail. Direct evidence would be preferable, however. Such evidence 

can be obtained by keeping the bead dimensions constant while varying
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the breadth and depth of the specimen and by including specimens with 

dimensions that are small enough compared to bead dimensions to 

delineate the boundary between full and partial restraint. Meanwhile, 

modification of dimensions is unjustified.

The present drop-weight test, even when loaded slowly, can result 

in either static or dynamic failure depending on the crack depth, and 

presumably the same is true for fast loading. The uncertainties of 

failure mode are such as to prompt the recommendation that the weld 

beads be precracked to insure static failure for all conditions.* The 

precracking should be performed at a temperature that is sufficiently 

high that the resulting crack depth will be equal to the sum of the 

bead penetration and bead reinforcement, and hence known. If the 

structure to be designed is to be considered as a dynamic failure case, 

an additional safety factor of about 45°F would have to be applied.

In most engineering applications, loading is done slowly; and 

consequently the transition temperature test should be done statically.

*This condition can also be met by using a semi-elliptical fatigue crack, 
but such a procedure is not as amenable to ordinary shop practice.
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A dynamic test is unsatisfactory in that it introduces a hidden safety 

factor of unknown magnitude, thereby reducing the certainty with which 

the degree of safety is known. For engineering applications involving 

impact loading, the transition temperature should, in principle, be 

determined in dynamic loading, that is, by drop-weight testing; in 

practice, however, static loading, with proper correction for the (small) 

loading rate effects, is still recommended because the equipment is more 

universally available and because fundamental data, such as strain 

tolerance, can be obtained as a by-product of the test.

Metallurgy-oriented engineers will take proper account of the 

factor of metallurgical structure by cutting the specimen from the 

pertinent plate or forging in a proper manner and by suitably placing 

the weld bead. For example, a six-inch specimen to be used for deter

mining transition temperature for a 12-inch water-quenched and tempered 

plate would be cut from that plate in such a way that one surface was 
at mid-plate-thickness (worst properties), and the weld bead would be

located on that surface. Thus, normal care and an adequate understand

ing of metallurgical effects are all that are needed to take proper 

account of metallurgical variations through a given plate or forging, 

or from one plate or forging of one thickness to another plate or 

forging of a different thickness. It is likely that a majority of 

users are already taking proper account of metallurgical structure in 

their use of the drop-weight test as presently constituted.

Results of the tests discussed in this report show that the standard 

E208-63T-P2 specimen is strained 3 1/2% when it is against the stop.

This amount of strain is very likely comparable with the strain that 

is typically present locally in engineering structures due to a combi

nation of welding, strain concentration due to design, discontinuities,
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and thermal stress. Even if 3 1/2% does not correspond exactly to 

typical conditions, it is probably close enough for most practical 

situations, because of the steepness of the strain tolerance-tempera- 

ture curves in the neighborhood of 3 1/2% strain; and consequently 

there is no need to change the value of strain level from its present 

value.

The most important factor affecting transition temperature is 

crack depth; and in many modern engineering applications, the combi

nation of conservative engineering practice with typical inspection 

procedures will require the design engineer to consider his "largest 

unfindable flaw" to be considerably in excess of that in current drop- 

weight test specifications. Consequently the transition temperature 

should be determined as a function of crack depth over a range that 

will not lead to excessive extrapolation errors. Suppose, for example, 

that a vessel is to have a ten-inch wall, and that cracks smaller than 

two inches could be missed in inspection. In this case, the minimum 

testing consistent with reasonable accuracy would be to test 1, 2, and 

4 inch plates containing 0.167, 0.333, and 0.667-inch-deep cracks, and 

extrapolate to 2-inch crack depth. Figure 17 indicates, for A533B 

steel, the degree of uncertainty that would be associated with an 

extrapolation of this length, based on this much data.

The last factor to be considered is strain gradient (bending versus 

tension). Most applications (such as pressure vessels) involve tension; 

and since tension is more severe than bending, for a given crack size 

and surface strain, a bend test should give a transition temperature 

that is too low. The magnitude of the effect may be small, however.

As discussed earlier, the strain at the crack tip in a cracked bend 

specimen of P-2 proportions is only about 10 per cent less than the
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surface strain. Thus, for a surface strain of 3 1/2% for the span-to- 

stop-distance ratio used in this investigation, the crack tip strain 

would be about 3%; and so a transition temperature in tension based on 

3% strain (or perhaps slightly more) should be the same as in bending 

for 3 1/2% strain. The value of 3% strain may be high enough to cover 

welding and stress concentration effects; and if not, the stop distance 

could be increased. However, until such time as more information is 

available on local strain in commercial structures, a recommendation 

on modification of the stop distance is not appropriate.

As discussed in the Introduction, the present criterion of ’'fracture” 

in the drop-weight test, namely that the crack in the weld bead has 

spread through the parent metal until it reaches completely across the 

width of the specimen on the tension surface, is incompatible with 

conservative engineering practice. Conservative engineering practice 

requires that catastrophic crack propagation should not initiate from 

a stationary crack at all. Because of this fact, it is recommended 

that the transition temperature test procedure be made more compatible 

with conservative engineering practice by proceeding as follows:

1. Obtain a thumbnail crack by a suitable method, such as:
(a) fatigue loading, or (b) precrack a brittle weld bead 
by sufficiently deflecting the specimen at a temperature 
sufficiently high to result in crack arrest at the fusion 
line. Heat tint to delineate the crack.

2. Test the specimen at the test temperature by deflecting it 
against a stop corresponding to 3 1/2% strain using slow 
loading as discussed above. Heat tint a second time to 
delineate crack growth, if any.

3. Break the specimen open at low temperature and examine the 
fracture surface to see if there was crack extension during 
test. Transition temperature will be defined as that 
temperature below which visible crack extension occurs, and 
above which it does not. This modification in the testing 
procedure avoids unconservatism which, as discussed previously 
could amount to 60°F.
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The recommended modifications of the drop-weight test may now be 

enumerated, as follows:

1. The weld bead should be pre-cracked
2. The test should be performed statically
3. There should be an appropriate range of crack depths
4. The fracture criterion should be the presence of visible

crack extension during test as judged by examination of 
heat tinting on the fracture surfaces

Factors which sould not be altered at this time are:

1. Loading by bending
2. Ratio of bead size to specimen size
3. Specimen proportions
4. Bead proportions
5. Strain level (stop distance in relation to span and beam 

depth
6. Proper attention to metallurgical effects.



Glossary of Symbols

plastic strain 

elastic strain 

total strain

fracture strain, or strain tolerance

defect size

stress

yield strength 

fracture stress

disposable paramater in empirical equation

critical plane strain stress intensity or fracture 
toughness

time rate of change of stress intensity factor 

time rate of change of € 

specimen deflection 

specimen width 

modulus of elasticity 

, specimen-thickness
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APPENDIX I

PRELIMINARY WELD BEAD EVALUATION
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This appendix describes the preliminary work to establish the 

suitability of Murex Hardex-N weld rod for use as a crack-starter 

material, particularly that the weld bead would crack short of the 

stop distance for all conditions.

Weld Bead Evaluation

All specimens tested during this phase of the program were prepared 

from a single plate of 3/4 in. thick A7 steel using the dimensions of 

Table I.

A series of slow-rate tests was made on 3/4 in. x 2 in. x 5 in. 

specimens of A7 steel. A single pass crack-starter weld bead prepared 

with 5/32 in. diameter weld rod was used. The specimens were manually 

welded with a D.C. power source. The bead dimensions were:

Height = 0.125 in.

Width = 0.250 in.

Length = 2.50 in.

The bead was notched to a depth of 0.062 in. with a cutoff wheel. 

The specimens were deflected 0.030 in.* over a span of 4 in. The 

support diameters and loading edge diameter were 0.375 in.

The specimens were tested over a range of temperatures from +375°F 

to -52°F. After testing the specimens were heat tinted to show the 

depth of cracking.

The depth of cracking increased with decreasing temperature as 

shown in Figure A 1 . The transition temperature was found to be -51°F.

*The standard stop distance for this size is 0.060" (see Table I), but 
for this purpose 0.030" was sufficient to crack the bead.
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Duplicate specimens were tested at -50°F and at -52°F. At -50°F both

specimens developed a crack; one 0.32 in. deep and one 0.36 in. deep. 
i

At -52°F both specimens fractured. All specimens, including the speci

men tested at +375°F developed a crack completely through the crack- 

starter weld thereby showing suitability of the weld rod, for 0.125" 

weld bead height at least.

A graph of crack depth (top of bead to bottom of arrested crack) 

versus temperature, Figure A 2 , shows some interesting features. For 

temperatures in excess of +10°F, the weld bead crack arrested at the 

fusion line. From this point down to -50°F the weld bead crack also 

arrested, but not until it had penetrated nearly half way through the 

specimen. For example, in two tests at -50°F, the arrested crack depths 

were 0.44 and 0.48". At -52o f , both of the two specimens tested 

fractured completely. This very abrupt change in behavior was character

istic of all subsequent tests made in this investigation. The reasons 

for this have been discussed previously.

In the main part of the investigation, arrested cracks were 

considered to have a depth equal to 2.5 times the bead height, which is 

somewhat smaller than the observations here,considering the tougher 

materials* being tested and the smaller penetrations associated with 

multi-pass welding.

There was also concern as to whether large beads made with very 

large number of passes would be brittle enough, or whether reduced 

cooling rate would cause reduced hardness.

*A limited number of observations on A533B and A516 indicate that the 
arrested crack size for these steels may be only slightly larger than 
the bead height + penetration giving an effective crack depth of about 
twice the bead height.
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To determine whether this would be a problem, two prototype 

specimens were tested in which a 40-pass weld made with 3/16 in. 

diameter rod, and having dimensions 2.6 in. wide, 1.3 in. high and 

6 in. long, was deposited on an 8 in. x 10 in. piece of 3/4 in. A7 

steel, Figure A4. Except for length, this is the size bead that 

was used on the 8 in. thick A516 specimens. A notch 0.7 in. deep 

was cut transverse to the bead. A flat surface was then ground 

externally on the bead at rhe notch tip and a strain gage was cemented 

in this position, Figure A 3

Strain Gage

Figure A3 Strain Gage Location

The specimens were then tested at room temperature and 250°F in 

3 point bending. The notch developed a crack into the bead at strain 

readings of 0.3% and 0.2% respectively. The crack extended completely 

through the weld as shown in Figure A5.

A hardness traverse was made on a section through the weld tested 

at room temperature, as shown in Figure A. 6 The minimum hardness was 

about 8Rc points lower than that of the smaller weld beads that were
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tested. In spite of the lower hardness the bead was still brittle 

enough for use up to 250°F.

Determination of the Effect of HAZ Size on Transition Temperature

Since there was a possibility that the size of the HAZ could 

influence the transition temperature, it was important to know the 

magnitude of this effect so that suitable welding procedures could 

be developed for the actual proportionate-defect-size specimens.

Two sets of specimens from A7 steel having the same size crack-starter 

bead, but having different-sized HAZ were prepared. As before, the 

specimens were 3/4 in. x 2 in. x 5 in. The single-pass crack-starter 

bead was 0.5 in. wide, 0.180 in. high and 2.5 in. long. The bead was 

notched to a depth of 0.090 in. with an abrasive wheel. The speci

mens were deflected 0.030 in. over a span of 4 in.

The crack-starter weld of one set of specimens was made with 5 

passes of a 3/32 in. diameter filler rod. These specimens had a HAZ 

extending to a depth of approximately 0.070 in. below the surface,

Figure A7. A second series of specimens was made having a single 

pass crack-starter weld. These specimens had a HAZ extending approxi

mately 0.170 in. below the surface, Figure A8.

A microhardness traverse was made from the crown to the fusion 

line of both types of welds. The hardness of both welds was the same, 

approximately Rc 50-55, Figures A7 and A8. Two specimens of each type 

were also strain gaged and statically tested at room temperature to 

determine the strain at which cracking first initiated from the notch. 

Cracking initiated at strain values of 0.5% and.7%, for the multiple 

pass welds and at 0.6% and 0.8% for the single pass specimens. Thus, 

weld bead properties were almost identical for the tx̂ o welding procedures.
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The transition temperature of each specimen type was determined.

The temperature at which fracture occurred was -35°F for the multiple 

pass specimens, and -12°F for the single pass specimens. The difference 

of 23°F reflects the difference in toughness of the HAZ. Since the 

single pass specimen, with its large HAZ fractured at a higher tempera

ture than did the multiple pass weld with its small HAZ, it can be con

cluded that for A7 steel the HAZ is not as tough as is the parent metal.

Since it was apparent that the HAZ size could affect the transition 

temperature of the specimens, it was decided that the specimens should 

be welded with geometrically similar rod insofar as possible. By doing 

this, the size of the HAZ's of the specimens could be maintained very 

nearly in the same proportions as the other dimensions.
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Figure A 7 P h o t o g r a p h  of Mu l t i p l e Pass

Weld showing HAZ exte n t  ( 5-5x)
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Figure A 8 Photo g r a p h o f S i ng le P as

S h ow ing HAZ e x tent ( 5 x)

(This spec ime n was not t
be cau s e of the i n s uf f ic i
we 1 d b u i 1 du p)


