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ABSTRACT 

Ultrasonic Measurement of the Residual Stresses 

in Patch Welded Steel Plates. (May 1994) 

Paul Gerard Junghans, B. S. , Texas AgrM University 

Chair of Advisory Committee: Dr. Don E. Bray 

This study begins with a review of the nature and origins of residual stresses 

and the techniques currently used to measure these stresses, both destructive and 

nondestructive. The theory of ultrasonic stress measurement, acoustoelasticity, is 

discussed in detail, with special emphasis on the use of critically refracted longitudinal 

(Log) waves. The ultrasonic stress measurement technique used in this study utihzes 

Log waves that are transmitted and received on the same surface and travel just 

beneath the surface of the plate. The stresses within the plate affect the travel time 

of these waves in accordance with the acoustoelastic relationship 

Considerable attention has been directed toward the use of high angle, longi- 

tudinal waves for both nondestructive inspection and stress evaluation. To further 

the understanding of the characteristics of these waves, longitudinal and shear wave 

beam profiles are presented for the Log wave transducer used in this study and for a 

commercial creeping wave transducer. The results show that both probes do indeed 

produce a critically refracted longitudinal wave as well as a trailing shear wave that 

is refracted into the material at a much lower angle, approximately 33'. Furthermore, 

the simple and accurate method developed to measure the radiation patterns from 

these transducers also is presented. 

Differences in the ultrasonic travel times of the Log wave were obtained in 

a stress relieved and a non-stress relieved 13 mm (1/2 in. ) thick, structural steel 

plates. The two 1. 2 m (48 in. ) square plates were patch welded in the center to 

create a residual stress field; and subsequently, one of the plates was stress relieved. 



The Log travel-time measurements on the plates not only differentiated between 

the residual stress states but also gave some indication of their distribution and 

magnitude. Neither texture nor the localized residual stresses significantly affected the 

results. These findings verify that they Log ultrasonic technique can indeed measure 

weld induced residual stresses and demonstrate the potential of this technique for 

evaluating the state of post-weld heat treatment in common structural steel. 



"It is true that nature begins by reasoning 

and ends by experience Nevertheless, we must begin 

with experiments and try through it to discover the reason. " 

— Leonardo da Vinci— 
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INTRODUCTION 

Determining the magnitude snd distributson of residual stresses within manu- 

factured items has always been a major concern of engineers. The direct superposition 

of residual stresses onto applied stresses can be advantageous, as in pre-stressed con- 

crete. However, when they are not properly accounted for, residual stresses can also 

prove disastrous, as in the spontaneous, catastrophic failure of the S. S. Schenectady [r) 

shown in Figure l. 

Fig l The catastrophic failure of the S. S. Schenectady in calm water was promoted 
by flaws and high residual stresses in the welds. Adapted from Nelson' l. It] 

This thesis follows the style and format of NDT International. 



The problem of measuring these 'hidden' stresses is usually difficult; and, cur- 

rent methods for measuring residual stresses are limited in their capabilities and often 

uncertain in their resultsl i. In recent years, ultrasonic stress measurement techniques 

have generated a great deal of interest because of their distinct advantages. They are 

nondestructive, inexpensive, accurate, and relatively simple to use. Ultrasonic meth- 

ods have shown great promise for accurately resolving the residual stress patterns 

in many different materials. Much work is still needed to refine these methods into 

systems that are easy to use, consistently accurate, and simple enough to be widely 

adopted. Reference standards suitable for refining and calibrating these residual 

stress measurement systems must also be developed. To date, commercial equipment 

specifically designed for ultrasonic stress measurement is not yet available but may 

be soon. 



RESIDUAL STRESSES 

The type of residual stresses examined in this study are ol'ten termed macro- 

residual stresses since their effects extend over relatively large regions as compared to 

microresidual stresses in metals which are frequently restricted within single grains 

of the material. Macroresidual stresses are analogous to common engineering stresses 

created by applied loads. In order to limit redundancy, the term residual stress shall 

henceforth imply macroresidual stress. 

Residual stresses are present in most fabricated components because they are 

produced by nearly all manufacturing processes. Thermal gradients, plastic defor- 

mation, and reactions between components in an assembly can all create significant 

residual stresses. These hidden stresses usually give no outward indication of their 

presence and, yet, may be as high as the yield strength of the material 

It is ol'ten difficult to conceptualize the residual stresses present in a component 

free of external loading. While the stresses created by applied loads in a item may be 

easily calculated, how can an engineer calculate or measure the residual stresses that 

may also be presents Since the residual stresses will add directly to any stresses in 

the component, an understanding of the distribution and magnitude of the residual 

stresses is just as important as an understanding of the applied loads when attempting 

to predict failure 

Definition of Residual Stresses 

Corresponding to any residual stress field is an internal distribution of strains. 

This internal residual strain field represents a storage of elastic energy within the 

materials l. For isotropic elastic materials, the residual strain distribution at any 



point, cu can be calculated from the residual stress state at that point, or, by using 

the generalized form of Hooke's Law 

1 . . = — [o. — v(os+ o, )] E 
1 

es 
— — — [o„— v(o, + o, )] 

I 
e, = — [o, — v(o, + cr„)] E 

where E is the Young's modulus of the material and v is the Poisson's ratio. Below 

their yeild strength, most metals msy be considered to be isotropic, elastic materials. 

When considering residual stresses, two interesting pomts should be noted. 

The distribution of residual stresses withsn a component will always satisfy static 

equihbrium requirements through any complete cross section of the component. And, 

the magnitude of these stresses will always be less than or equal to the yseld strength 

of the material. It is also noteworthy that the principal directions of residual stress 

fields are quite frequently aligned with the directions of primary interest, such as the 

rolling direction m sheets or radial and tangential directions in cylinders( ]. 

This brief summary on residual stresses will be quite helpful in understanding 

how these stresses are created within components and how the current measurement 

techniques functson. 

Effects of Residual Stresses 

The effects that residual stresses will have on a component's performance are 

often difficult to predict but can be significant. The superposmg of residual stresses 

on applied stress distributions is a useful and wrdely explosted effect Obviously, 

residual stresses that counter applied stresses can greatly improve a component's 

performance. For example, when residual compressive stresses are induced on a metal 

component's surface, as by shot-peening, its fatigue strength and stress-corrosion 

cracking resistance are improved; unfortunately, these surface compressive stresses 



also reduce the yielding strength of the component. Residual stresses can be used 

to improve the inherent performance of many types of materials. When compressive 

residual stresses are induced in concrete, the ultimate tensile strength is increased; 

but, this is only by and with an equivalent reduction in its ultimate compressive 

strength. The beneficial and detrimental effects of residual stresses must be carefully 

balanced. 

One of the most notorious effects of residual stresses is the dimensional instabil- 

ity which they cause. When material is machined away from a component containing 

residual stresses, the continuous redistribute of the stresses in order to maintain static 

equilibrium can produce significant distortion in the component. 

Many other mechanical, electrical, magnetic, and chemical properties are influ- 

enced by residual stresses. However, these efi'ects are essentially all consequences of 

the internal strain energy that residual stresses represent. Though subtle and elu- 

sive, residual stresses are nevertheless subject to analytical and experimental analysis. 

They obey the fundamental principles of physics and originate through mechanisms 

which we may reasonably expect to understandI j. Reliable information and sound 

judgement, however, are required. 



ORIGINS OP RESIDUAL STRESSES 

Since almost every type of manufacturing process produces some sort of residual 

stress, it would be difficult and lengthy to explain the origins of residual stresses by 

relating them to the manufacturing processes by which they were produced A simpler 

and more direct approach lies in categorizing residual stresses by the underlying 

physical phenomenon which produce the internal strain distribution. There are 

three distinct phenomena, to which residual stresses can be attributed: non-uniform 

volume changes, non-uniform deformations, and assembly reaction stressesl l. A 

brief discussion and example of each follows It should be possible to classify all 

residual stresses into one of these categories, though the distinction may not always 

be perfectly clear. 

Residual Stresses in a Weld Due to Non-uniform Volume Changes 

A residual stress field is created whenever a non-uniform volume change occurs 

within a material. The most frequent and significant residual stresses from non- 

uniform volume changes are encountered in connection with the solidification and 

subsequent cooling of material from its liquid phase. This is because the corresponding 

phase transformation and thermal contraction of the liquid produces relatively large 

volume changes that rarely occur in a uniform manner. Other processes such 

as difFusion, precipitation growth, and solid — solid phase transformations can also 

produce significant non-uniform volume changes which create residual stresses. 

An analysis of the welding process provides an excellent example of how non- 

uniform volume changes produce residual stresses. Complex interactions between 

solidification, thermal expansion, contraction, and plastic yielding produce high 
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Fig. 2. Schematic representation of the changes in temperature and tangential 
stress, o')), during the welding process moving in the Y direction. Adapted 

from Mordfiu( l 

residual stresses in welds. Figure 2 provides a schematic representation of the changes 

in temperature and stress during the welding process' '. [41 

The distribution of tangential stresses, ie. stresses oriented parallel to the weld, 

shall be considered since they are of the highest magnitude. The plate is assumed 

to be at a uniform temperature and free of both applied and residual stresses before 

the welding occurs, as represented by section A — A. At the weld arc, sectton B — B, the 

temperature of the plate is equal to the melting point of the weld material; and, the 



stresses m the molten metal are equal to zero since an unconstrained fluid cannot 

support a load. The material directly adjacent to the melted region expands due to 

high temperature. This expansion is restrained by the surrounding cooler material; 

thus, compressive thermal stresses are created near the weld arc. These are statically 

balanced by tensile stresses in the surrounding cooler material. Behind the weld arc, 

the material solidifies quickly and begins to cool. As shown in section C — C, the 

thermal contraction of the cooling weld creates tensile stresses at and adjacent to the 

weld. The weld, which was long enough while hot, is now strained elastically and often 

plastically to fill the entire length of the cooler weld channel Compressive stresses 

are estabhshed in the surrounding material thus static equilibrium is mamtained. 

The tangential tensile stress at the weld may be as high as the yield strength of the 

material. The typical residual stress distribution for a weld at thermal equilibrium is 

shown in section D-D. 

Even though other factors, such as solid — solid phase transformations and ther- 

mal gradients through the thickness are involved, the final residual stress distribution 

in a weld is almost completely determined by the liquid — solid phase transformation 

and subsequent thermal contraction. It should also be noted that the stress distri- 

bution shown in Figure 2 is incomplete. In reality, a biaxial state of residual stress 

actually exists in all welded plates~st, as shown in Figure 3. The residual stress state 

of a welded plate is characterized by both a tangential stress distribution as well as a 

transverse stress distribution, i. e. oriented perpendicular to the weldl i. 

Residual Stresses Due to Non-uniform Deformations 

With the exception of parts which are cast into their final shape, most metal 

components are fabricated by manufacturing processes which involve plastic deforma- 

tion, and, these deformation processes are seldom uniform~ ~. Any operation which 

produces a non-uniform plastic deformation in a metal component will inevitably gen- 

erate residual stresses. Thus, it may be concluded that residual stresses are present 



Y=o s ~ll 

x=o 

Fig 3. Biaxial residual stress distribution in planes perpendicular (above) and 
parallel (right) to a weld where cr~~ and o'~ represent the tangential and 

transverse stresses, respectively. Adapted from Wohlfahrt( i. (sl 

in nearly all manufactured items Rolling, drawmg, stamping, pressing, bending and 

even machining all produce non-uniform deformations within the work-piece. Most 

common manufacturing processes produce a complex distribution of residual stresses 

that directly opposes the non-uniform deformation that has occurred in the material. 

Consider the simple example a bent steel bar, as shown in Figure 4. If small 

bending moments are applied, a linear elastic stress distribution is created within 

the beam that is equal and opposite to the applied moments The stress is zero at 

the center of the beam, the neutral axis, and varies linearly to the maximum tensile 

and compressive stresses at the upper and lower surfaces, respectfully. If the beam 

is unloaded at this point, it will spring back to its original stress-free shape since no 
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Fig. 4. The distribution of stresses within a steel bar during and after bending. 



permanent plastic deformation has occurred. If larger bending moments are applied 

on the beam, the stresses at the upper and lower surfaces will eventually reach the 

yield strength of the material and plastic deformation will occur. With yielding, an 

elastic and plastic stress distribution is created within the beam. The stress at the 

neutral axis remains zero; but, the stress distnbution is longer linear. The stresses 

rise to a plateau near the outer surfaces at a value equal to the yielding strength of 

the material. If the loading is increased further, the plastic yielding zones will extend 

inward and the stress gradient at the center will increase. When the load is removed 

after yielding, the stress within the beam does not return to zero. A residual stress 

distnbution is created by non-uniform plastically deformation. The outer surfaces 

have been strained beyond their elastic limit. As the elastic strain in the center of 

beam springs back, compressive and tensile stresses are created at the upper and lower 

surfaces, respectively. The stresses in the yielded portion of the beam are balanced 

by stresses in the non-deformed material at the center of beam, in such a way, that 

the distribution satisfies the static equilibnum requirement. 

Residual Stresses Due to Assembly Reactions 

The reactions between the components of an assembly will create stresses within 

the components even when no external loads are applied to the assembly. The reaction 

forces created by interference fits, mis-alignments in construction, and even the weight 

of the components themselves can produce significant residual stresses. Sometimes 

referred to as 'reaction stressesd i or 'mechanical residual stressesd l, these types of 

stresses are often not considered to be true residual stresses because of their unique 

nature Since they are created by the interactions between components, assembly 

reaction stresses can be calculated with standard engineering formulas snd can often 

be measured with applied stress measurement techniques, such as strain gages. If 

gages are mounted and balanced before the assembly is constructed, the straan 

produced by the interactions between the components can be measured; and, the 



reaction stresses that are produced in the assembly can be calculated. These unique 

features of assembly reaction stresses can be exploited in the development of the 

residual stress calibration standard. 

Pre-stressed concrete is an excellent example of how assembly reactions can be 

used to create beneficial residual stresses. After a concrete slab has hardened, the 

steel reinforcement bars, which are embedded within it, are elastically strained in 

tension by hydraulic jacks and capped with steel plates at the edges of the concrete. 

The reaction forces created by the tension in the reinforcement bars are balanced by 

a compressive stresses within the concrete. Thus, the ultimate tensile strength of the 

concrete is improved through the intentional use oi' assembly reaction stresses. 



RESIDUAI STRESS MEASUREMENT TECHNIQUES 

Many excellent techniques already exist to determine the stresses in a compo- 

nent created by applied loads. These include electrical resistance gages, brittle coat- 

ings, moire-fringe analysis, finite element modeling and photoelasticity. These are all 

very useful tools to measure and/or predict the distribution of applied stresses within 

a part. Unfortunately, these methods can not be used to determine the distribution 

of residual stresses that may also be present in the component. 

Many techniques have been proposed to solve the problem of residual stress 

measurement. The commonly used destructive methods for measuring residual 

stresses are dissectionmg, hole drilling and hydrogen-induced cracking. Since the 

stress distribution obtained by these techniques apply to the parts which have been 

destroyed or damaged in the process, the true distribution of stresses within the 

in-service parts is only inferred. Virtually all of the physical phenomena used for 

nondestructive evaluation have been evaluated for a capability to measure residual 

stresses. Several nondestructive methods, such as diffraction, bsrkhausen noise, and 

acoustoelasticity, are currently being developed and used to measure residual stresses. 

These are indirect measurement techniques and are often limited by metallurgical and 

geometric factors. Each of these methods has distinct advantages and limitations; 

thus, none has yet proven to be the universal or preferred solution. 

It is useful to briefly review the commonly used residual stress measurement 

techniques in order to compare their capabilities and emphasize the unique character 

of the Lcg ultrasonic technique that is used in this study. More extensive reviews of 

these techniques are available in the literature, see Mordfin~ i and Treuting et allsj. 



Destructive Techniques 

Dissectioning is one of the time-honored methods of residual stress measure- 

ment. When components are dissectioned into layers, the deformation in each layer 

can be used to determine the residual stress distribution throughout the body. As 

each layer is cut away, a redistribution of the internal strains occurs to maintain 

static equilibrium. The resulting deformation, created by this redistribution, can be 

measured and used to calculate the stresses within the part. 

Dissectioning, though straightforward and reasonably accurate, is fairly difficult 

and time consuming m practice. Furthermore, this technique only approximates the 

stress distribution from the stresses within each of the layers sampled throughout 

the volume of the part Greater confidence and accuracy can only be obtained 

by the intricate testing of several identical parts. This method is best suited for 

settings where large numbers of parts are manufactured by well-controlled, repeatable 

processes. 

Hole Drilling or Blind-Hole Drilling, as it is sometimes called, is another 

widely used technique for residual stress measurement. This method requires that a 

rosette strain gage be mounted at the desired measurement point. A rigidly-guided 

mill is used to drill a hole directly in the center of the three elements of the rosette 

gage. The residual stresses are calculated from the strains created by the surface 

relaxation caused by the removed material. This technique is sometimes considered 

only semi-destructive because the drilled hole is relatively small, usually 1. 5 mm to 

3. 0 mm (. 06 to . 12 in. ) in both depth and diameter; and, the part can sometimes be 

returned to service. 

Attributes of the blind-hole drilling technique include the fact that it is experi- 

mentally and analytically simple and that the required equipment is fairly inexpensive 

and commercially available However, hole drilling is semi-destructive at best, limited 

to flat surfaces, and provides information on only the near-surface stress distribution. 



The Hydrogen-Induced Cracking technique can be used to qualitatively 

evaluate the residual stress distribution in certain types ol' steels. When a steel part 

is exposed to hydrogen gas or a dilute aqueous solution, hydrogen embrittlement 

cracking will occur m areas of high tensile stress. Thus, a visual or penetrant 

inspection of the part will reveal pattern of cracks that is perpendicular to the surface 

distnbution of tensde residual stresses. This technique is limited to materials that 

are suseptible to hydrogen embrittlement; and, it destroys the part that is tested. 

Nondestructive Techniques 

X-ray Diffraction is the most widely used technique for measuring residual 

stressesi ~. This technique is based upon the relationship between surface stresses 

in a crystalline matenal and the angle of X-ray diffraction, It is known that stress 

alters the interplanar lattice spacing in crystalline materials, Since the angle of X-ray 

diffraction is dependent on this spacing, the stress levels in crystalline materials can 

be correlated to the angle at which the surface diffracts X-rays. A major limitation 

of this method is the depth of investigation which is limited to only about 0025 mm 

(. 0001 in. ) since X-rays are highly attenuated in steeli ). 

The X-ray diffraction technique requires a fair amount of expertise in the 

preparation of the specimen and in the use of the equipment X-ray equipment 

has historically been very expensive and too large to be portable; but, advances in 

electronics have reduced both the cost and size of the equipment. This method is 

limited to surface stresses in crystalline materials and conditions, such as material 

texture and surface finish, often produce significant errors. But even with these 

inherent limitations, X-ray diffraction is still one of the most universally accepted 

residual stress measurement techniques. 

Neutron Diffraction can also be used to measure the lattice spacing in a 

crystalhne matenals; and thus, like X-ray diffraction, it can be used to calculate 



residual stresses. An advantage of the neutron diffraction technique is that much 

deeper residual stresses can be sampled since neutrons can penetrate much further 

than X-rays. Unfortunately, a major limitation is the requirement of a high-flux 

neutron source, such as a nuclear reactor. 

Barkhausen Noise refers to the acoustic emissions that occur in ferromagnetic 

materials during the alignment and subsequent relaxation of magnetic domains. 

When a ferromagnetic material is placed in a magnetic field, it becomes magnetized 

in a series of small, discontinuous steps which are attributed to the reorientation 

of individual magnetic domains. Whatever the cause, it has been observed that 

Barkhausen noise is affected by stress. It has been theorized that the residual 

stresses pin the electron domains thus changing the materials ferromagnetic response. 

Barkhausen noise has been used for a number of years to indirectly measure residual 

stresses; and, portable instrumentation is commercially available. 

Application of the Barkhausen noise technique is limited to ferromagnetic mate- 

rials and near-surface stresses. As with other nondestructive techniques, metallurgical 

factors such as grain size, texture, and strain hardening can have a significant effect 

on accuracy of this measurement. It should also be noted that the results are not al- 

ways repeatable and that the incomplete understanding of the theoretical relationship 

between Barkhuesen noise and residual stress has somewhat limited its acceptance. 

Ultrasonic stress measurement techniques, that are based upon the acoustoelas- 

tic relationship, are reviewed in the next two sections. The later section reviews the 

Lcg ultrasonic technique that is used in the patch weld stress measurement portion 

this study. 



ULTRASONIC STRESS MEASUREMENT 

Ultrasonic stress measurement techniques may ultimately emerge as the dom- 

inant nondestructive, residual stress measurement method for a variety of reasons. 

Ultrasonic techniques are capable of measuring both bulk and near-surface stresses 

smce acoustic waves that propagate within the stressed material are utilized. Because 

these ultrasonic waves contain very little energy, a nondestructive inspection of the 

suspect component is possible. And, the underlying analytical theory as well as the 

acquisition and analysis of data are well understood and fairly simple. 

The equipment required for ultrasonic stress measurement can be portable and 

is relatively inexpensive as compared to other methods. This acoustic acquisition 

equipment must be capable of highly accurate travel-time measurements since pre- 

cision on the order of 0. 025 ps or higher is usually required. The current state of 

electronic technology has greatly improved the availability and cost of such equip- 

ment. Suitable systems are available as expansion boards for personal computers, 

and, the data storage and analysis capablity which is needed for ultrasonic stress 

measurement also is now standard in most protable computers. Ultrasonic equip- 

ment specifically designed for stress measurement is not yet commercially available 

but recent developments suggest that this may not be far of&i. 

Acoustoelasticity 

All ultrasonic stress measurement techniques are based on acoustoelasticity, i e 

the hypothesis that there is a linear relationship between the acoustic wave speed 

and the elastic strain in the material. Acoustoelasticity and ultrasonic stress mea- 

surement are so innately related that the terminology used in the available literature 

fluctuates between these terms. The acoustoelastic effect on ultrasonic velocities is 

relatively small, on the order of a few hundreds of a percentl l; and yet, it has been 



used successfully for many years to measure bulk and near-surface stresses. In certain 

alloys, it has been suggested that this linear relationship between acoustic velocity 

and strain persists even beyond the yielding point in the materiall ~. Allen et al 

and Pao et all ~ have compiled excellent overviews of research on acoustoelasticity 

and ultrasonic stress measurement Specific examples of acoustoelastic stress mea- 

surement are too numerous to reference but are almost exclusively restricted to the 

simple case of uniaxial stress fields. 

In a uiuaxial stress field, there are five distinct combinations of wave type, 

propagation direction, and wave polarization, as shown in Figure 5. For the sake 

of clarity, a double subscript notation is henceforth adopted to distinguish the five 

unique combinations. The first subscript refers to the direction of wave propagation, 

and the second subscript refers to the direction of wave polarization, i e. particle 

motion. 

Two of the five distinct wave combinations are longitudinal (dilatational) and 

three are shear (torsional). When the applied stress is assumed to be in direction 1, 

the Vii wave is a longitudinal wave propagating in the direction of the applied stress. 

This wave combination exhibits the largest acoustoelastic effect and is the type used 

for the Lcii ultrasonic stress measurement technique. The Vis wave is a shear wave, 

i e. polarized perpendicular, propagating parallel to the applied stress. The Vis wave 

is a longitudinal wave propagating perpendicular to the applied umaxial stress field. 

The Vis wave is a shear wave that is polanzed and propagating perpendicular to the 

applied stress Finally, the Vii wave is a shear wave that is polarized parallel to the 

apphed stress but propagating perpendicular to it. All of these acoustoelastic wave 

combinations, with the possible exception of the Vrz wave, have been exploited at one 

time or another for ultrasonic stress measurement. 

Egle and Brayl l ineasured the strain — induced changes in the wave velocities 

of common rail steel for each of the five wave combinations. The results, shown in 

Figure 6, indicate that the acoustoelastic effect is indeed linear in the elastic range, 

as theory predicts, and of sufficient magnitude to be used for stress measurement. 

Theoretical expressions for the acoustoelastic effect have been derived by Hughes and 
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Kellyl l Furthermore, the results show that each of the five wave combinations has 

a distinct acoustoelastic constant, i. e. slope. The largest effect is associated with 

a longitudinal wave propagating parallel to the applied stress, the Vii wave. Egle 

and Bray' l noted in their work that ". . . the agreement with values found by other 

investigators for other steels suggests that the acoustoelastic constants, as well as the 

third — order constants, may be relatively independent of the specific composition and 

heat treatment as is the case for the second — order constants. " If true, the consequence 

of this relative independence on the development of residual stress measurement is 

far reaching and significant. 

Consideration of the Ultrasonic Stress Measurements Parameters 

Material texture and temperature can produce significant variations in ultra- 

sonic wave speeds as compared with the relatively small acoustoelastic effect. The 

difficulty in differentiating the velocity changes associated with stress from those asso- 

ciated with texture has been a mayor restriction in the development of acoustoelastic 

stress measurement systems. The effect of material texture is difficult to predict; and, 

current methods for measuring and correcting for texture are unreliable. The linear 

effect of temperature on ultrasonic wave speeds is much easier to compensate since 

the temperature of a specimen can be accurately and repeatedly determined. 

Bray and Leon-Salamancal l proposed a useful model of the parameters that 

affect ultrasonic velocities when they presented their method for obtaining zero-force 

travel-times. If we consider a material under load, the ultrasonic velocity within the 

material is altered by the combined effects of the applied forces, residual stresses, 

material texture, and the ambient temperature. This can be expressed by: 

V = V*+ AVJ + AVgv + Aux-+ AVy (2) 

where 

V — measured velocity, 
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V* — velocity for a homogenous, isotropic, stress-free material at a standard 

temperature, 

AVp — velocity change due to applied forces, 

AVgs — velocity change due to residual stresses, 

AVz~ — velocity change due to material texture, and 

EVz — velocity change due to deference in temperature from the standard. 

For ultrasonic stress measurement, AVE and AVgs are the parameters of interest; 

but, V is the parameter which is actually measured. Consequently, a scheme must be 

devised to calculate or measure the effects of the other parameters, either individually 

or collectively. 

The separation of the effect of the residual stresses from the effect of the applied 

forces is very difficult since both affect the wave speed m a similar manner. But is 

this separation really necessary' In many cases it is not, since the total stress level 

is of interest. In many other cases, the applied forces may be known and, therefore, 

removed so that the effects of the residual stresses are isolated 

The linear relationship of temperature and ultrasonic wave velocities is well 

documented. Egle and Brayl l determined the effect of temperature on the velocity 

of longitudinal and shear waves in pearhtic steel to be 0. 55~ and — 0. 38~ 
respectively. With values such as these, the effect that ambient temperature has 

on experimental velocity measurements, AVz, can easily be corrected to a convenient 

standard reference temperature. 

The term texture refers to a material's anisotropic microstructure. Texture in 

metals may result from directional solidification or mechanical cold working during 

fabrication. Whatever the cause, the fact that the grains in a polycrystalline materials 

can exhibit a preferred orientation creates a serious problem in ultrasonic stress 

measurement. Material texture can produce relatively large changes in the velocities 

of ultrasonic waves. Musgravel i reported a considerable variation in longitudinal 

wave speed as a function of direction in a single crystal of steel, as much as 18%. 

This variation in wave speed with respect to crystalline direction indicates that any 

non-random distnbution of microstructure will result in texture-induced anisotropy 
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of the material's ultrasonic velocity. Although in most polycrystalline materials, such 

as structural steel, the degree of preferred orientation is unlikely to exceed even a few 

percents ), the effect created by even this level of texture can be on the order of 10 

whereas, the comparable effect due to stress may only be on the order of 10 

Several methods have been proposed to separate the velocity changes associated 

with texture from those associated with stress. One solution is to have a stress free 

reference sample that is identical to the stressed component in every way, including 

texture. Thus, any dhfferences in the ultrasonic velocities m the two parts would be 

solely due to stress. However, the problem of confirming the textural equivalence of 

the two parts is somewhat difficult. Another solution exists for materials that can be 

assumed to have constant texture, such as rolled sheets. The vanations sn ultrasonic 

wave speeds in a given direction in such materials should be directly proportional to 

stress since there would be no variation due to texture. Other methods have been 

proposed including texture independent combinations of ultrasonic velocitiesl ) and 

frequency analys&s of the acoustic birefringence waves to measure texture-induced 

anisotropy( ). Though all of these methods are useful, s, universal solution to the 

problem of texture for ultrasonic stress measurement has not yet emerged. 

For the measurement of residual stresses, a stress free reference velocity is 

required for comparison. This reference velocity is equal to the stress free velocity of 

the material plus any adjustments required for ambient temperature and texture of 

the particular specimen: 

V, = V*+ AVz + rh Vz~ (3) 

where V is the stress free reference velocity This reference velocity may be obtained 

from measurements on a stress free sample of the material that is known to have 

equ&valent texture or by measurements in a stress free portion of the actual specrmen. 

If the specimen under examination is free of applied forces (AVg = 0), the change in 

the ultrasonic velocity due to the residual stress may be expressed as: 

Aug = V — V, (4) 
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which is obtained by combining Equations 2 and 3. The ramifications of this equa- 

tion are obvious. The effect of residual stress on velocity of ultrasonic waves has been 

isolated. By using this expression along with the appropriate acoustoelastic con- 

stants, residual stresses may be calculated from experimentally measured ultrasonic 

velocities. 

Acoustic Birefringeuce Technique 

Acoustic birefringence is probably the most well documented ultrasonic stress 

measurement technique. Shear wave birefringence, as it is sometimes called, is analo- 

gous in many ways to the phenomenon of optical birefringence in photoelastic materi- 

als. As previously noted, the velocity of ultrasonic shear waves in a stressed material 

are not only dependent on the direction of propagation but also on the direction 

of wave polarization. The acoustic birefungence technique utilizes two shear waves 

propagating perpendicular to the stress field. One shear wave is polarized parallel 

to the direction of the stress while the other shear wave is polarized perpendicular 

As previously termed, these are the Vzi and Vrs waves, respectively. The Vzy wave 

demonstrates a significant effect from applied or residual stress whereas the Vzs wave 

is relatively unaffected. The stress within a specimen is calculated from the difference 

of the relative velocities of these two waves. 

Problems with the acoustic birefungence technique arise from the requirements 

for a fully isotropic material as well as a clearly defined travel path from which the 

ultrasonic velocities can be measured. Anisotropy due to material texture causes 

significant changes in the relative shear wave speeds. Often being several orders of 

magnitude greater than the efi'ect of stress, these texture-induced changes are the 

single greatest hindrance to the acoustic birefringence technique. Beam deviations 

from the expected travel path can also create apparent shifts in the velocity and lead 

to erroneous results. 
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Another important advantage of the Log ultrasonic technique is its stress 

sensitivity. As previously show, the longitudinal wave propagating parallel to the 

stress field exhibits the largest acoustoelastic effect. The Log ultrasonic technique 

utilizes this wave combination, previously denoted as the Vii wave. Thus, for an given 

data acquisition system, the Lc. . g technique will produce a most precise acoustoelastic 

stress measurement. In comparison to the shear waves used for acoustic birefringence, 

the longitudinal waves are more sensitive to stress and yet are less sensitive to material 

texturel ' l. This characteristic minimizes the effect of material texture on the 

accuracy of the stress measurement. 

In the case of uniaxial stress where the effects of temperature and texture may 

be included in the reference velocity, the change in stress from the stress free reference 

level is calculated directly from the change in the Vii wave velocityl l by: 

Ao = (V — V) 
E 

11+ 0 

where 

Aa — change in stress from the reference level at which V0 was measured, 

E — Young's modulus of the test material, 

V, — stress-free reference velocity, 

Air — appropriate acoustoelastic constant, and 

(V — V, ) 
— change in velocity due to stress. 

This relationship may also be expressed in terms of travel times rather than the 

velomty if the measurement distance, i. e. the Lcit probe length, is factored out of the 

expression. 

The significant problem with the Lcit ultrasonic technique has historically 

been the length of the probe. Much of the Log stress measurement research was 

conducted with probes that were constructed with three transducers, one transmitter 

and two receiversl ' l. The three-transducer design was originally adopted since a 20, 21 

pulse overlay measurement technique was needed to obtain the required travel-time 

accuracyl l. This type of design produces a lengthy probe, often as long as 48 cm 

(19 in). The length of the Log probes made acoustic coupling difficult and limited 
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the applicability of this technique to large specimens such as railroad rails or large 

plates. With the advent of very high speed digital oscilloscopes, the pulse overlay or 

sing-around techniques are no longer needed to obtain the required accuracy. A new 

probe design that is currently being developed at Texas AkM University utilizes a 

transmitter and a, single receiver. An interesting innovation of this new design is that 

the transducer spacing is easily adjustable. It is hoped that this design will greatly 

reduce the problems associated with coupling and length while preserving the unique 

advantages of the Log ultrasoiuc technique. 

Characteristics and Excitation of the Lcg Wave 

As previously noted, the Los wave is a bulk longitudinal wave traveling just 

below the surface of the specimen. This type of wave is analogous to a compressional 

head wave in seismology. 

The Lc~ wave has several interesting and useful characteristics. Since it is a 

critically refracted longitudinal wave, it is the fastest wave and is traveling along the 

shortest possible path. Therefore, the Lo~ wave is easy to distinguish since it is always 

the first arrival at the receiver A typical oscilloscope trace of an undamped Lcg wave 

arrival is shown in Figure 8. The waves direct arrival, clean signal, and temporal 

isolation from other wave modes allows the precision in travel-time measurements to 

be significantly less than a single wavelength. Another useful characteristic is that 

the Log wave is relatively insensitive to surface roughness and geometry' z' ~. Thus, 

the surface condition of the specimen has little effect on Log stress measurements. 

In this study, the Lc~ wave was excited with a transducer specifically designed 

to produce a critically refracted longitudinal wave in structural steel plate. A 

schematic of the Lcg wave transducer is shown in Figure 9. A planar longitudinal 

wave is generated m a Plexiglas wedge by a piezoelectric plate which is epoxied onto 

the angled surface The piezoelectric plate, made of a PZT ceramic, is 2. 54 cm (1. 0 

in) square and has a nominal resonant frequency of 2. 25 MHz in the thickness mode. 
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Fig. 8. Digital oscilloscope trace of a 2. 25 MHz Lc~ wave arnval. 

The longitudinal wave is generated at the first critically angle of refraction. 

The first critical angle of refraction refers to the angle at which a longitudinal wave is 

generated along the surface of the test specimen, i. e. at 90'. If the angle of incidence 

is less than this critical angle, the principle longitudinal wave is refracted into the 

test specimen at some angle less than 90 . If the angle is significantly greater than 

critical angle, most of the longitudinal energy is reflected at the transducer/specimen 

interface and essentially no longitudinal wave is generated within the test specimen. 

Refraction of the incident longitudinal wave at the transducer/specimen interface not 

only excites a refracted longitudinal wave but also the slower, mode converted shear 
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Fig 9 Schematic of the Log wave transducer showing ray paths. 

wave at a lower trailing angle, Cs. 

In the previous discussion, the wave speed in the test specimen is different than 

that in the wedge material and the refraction at the interface occurs in accordance 

with Snell's Law: 

where 

sin8, »n8', sin8', 

Ci C', Cr' 
(6) 

8i 

Ci 

8', 

C' 

8I 

C' 

angle of the incident wave, 

longitudinal wave speed in the wedge, 

angle of refracted longitudinal wave, 

longitudinal wave speed in the test specimen, 

angle of refracted shear wave, and 

shear wave speed in the test specimen. 
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For the special case of the Log wave (8i — 90 ), Equation 6 may be solved for the 

first critical angle of refraction, 81c„: 

8L, „=8i=sin ( —, ) 
i Ci 

1 
(7) 

The first critical angle for a longitudinal wave at a Plexiglas(steel interface( ' ] is 

approximately equal to 27 30' The exact value of the first critical angle is dependent 

on the longitudinal wave speeds in the wedge material and steel actually used; 

however, slight variations from this source rarely produce a significant effect. An 

error in the first critical angle of +30' does not lead to any appreciable change in 

radiated amplitude or reception sensitivity( 

The generation of the Log wave is further complicated by the excitation of a, 

trailing shear wave. If the Log wave is excited by an incident longitudinal wave at the 

first cntical angle, the angle of the mode converted shear wave, 8&, can be determined 

from the relative longitudinal and shear wave speeds in the test specimen. Again, 

Equation 6 may be solved for this angle: 

i 

8& 
— — sin ( —, ) 

— i Cs 
Ci 

Since bulk shear waves travel at speeds about one-half to two-thirds the speed of 

longitudinal waves( ], the angle of refraction of the shear wave lags considerably 

behind the longitudinal wave. For a Log wave in steel, the shear wave angle, 8in is 

approximately 33'. Trailing by both speed and travel path length, these waves are of 

no real consequence to the Log ultrasonic stress measurement technique. 

The equations for the excitation of the Lop wave have been developed in a 

general form as to be universally applicable. A more thorough discussion of the 

characteristics and excitation of Log waves is available in references [24], [26] and [27]. 

For further clarification of the Log probe's characteristics, the beam profiles of the 

Log wave transducer used in this study and a commercial creeping wave transducer 

are presented in the next section. 



BEAM PROFILES OF TWO Lcm WAVE TRANSDUCERS 

High angle, longitudinal wave transducers are required to generate and receive 

Lcg waves. This type of transducer hss been designed and built at Texas A@M 

University for a number of years. The design is based upon acoustic wave theory, such 

as Snell's Law, as well as published research on the excitation of Log wavesl 

These transducers have produced excellent and repeatable results which correlate very 

closely with elastic wave propagation theory 

A knowledge of a transducers beam profile is essential whether one wishes to 

ultrasonically measure stress or nondestructively inspect a component. The beam 

profiles presented in this chapter demonstrate conclusively that the Lop transducers 

made at Texas ARM do indeed produce critically refracted longitudmal waves and are 

well suited for acoustoelastic stress measurement. The beam profiles of a commercial 

creeping wave transducer are also presented for a comparison snd evaluated for the 

possible application to Log stress measurement. Furthermore, this chapter presents 

the simple and accurate method which was developed to measure the refracted 

radiation patterns that the ultrasonic transducers produce in a test material~is~. 

Beam Profiling Test Plate 

The beam profiling apparatus, shown in Figure 10, was designed to measure 

the radiation pattern that an ultrasonic transducer produces in a common structural 

steel. A 19. 05 mm (. 75 in. ) thick steel plate was machined into a semi-circular 

shape with one end of the diameter flared. The radius of the plate was 7. 1 cm (2. 8 

in. ); and, it was constructed from a hot-rolled ASTM A-516, Grade 70 Steel This 

material exhibits longitudinal and shear wave speeds typical for a structural steel, 

5810 —, (229, 000 '— , ') and 3210 —, (126, 000 — ', '), respectively. A hot-rolled steel plate 



32 

a 

a) Photograph. 

Test Transducer 

Steel Plate 

Plex&glass Wedge 

Profinng Transducer 

b) Schematic. 

Fig. 10. A photograph and schematic of the beam profiling apparatus developed at 
Texas ARM University. Not shown to scale. 
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was selected to minimize the effect of the microstructural texture on the attenuation 

and wave velocities. This plate is of the type typically used in welded construction. 

The special shape of the steel plate allows the test transducer to be positioned 

at the center of the arc so that the attenuation of the transducer's signal in the 

material is a constant at any point along the src. The beam profile of the transducer 

is determined by measuring the strength of the ultrasonic ngnal along the arc with 

a profiling transducer. The profiling transducer is coupled to the arc of the steel 

plate with a curved Plexiglas wedge. The pie-slice addition to the half-circular shape 

allows the profiling transducer to remain completely coupled up to and even beyond 

a 90 refraction angle. Either a longitudinal or shear wave receiver may be used as 

the profiling transducer; thus, both wave modes may be profiled with the same test 

apparatus. 

Since the signal's attenuation in the material is a constant, variations in the 

strength of the transducer signal are a direct result of both the transducer's refracted 

radiation pattern and the acoustic coupling of the profiling receivers. In practice, 

the strength of the ultrasonic signal is quantified as the amplitude of the profiling 

transducer's signal on an oscilloscope. The variations in the signal strength due to 

changes in the acoustical/mechanical coupling of the profiling transducer may be 

significant; however, these vanations are random and can be reduced to a negligibly 

small level by averaging multiple trials. When multiple trials are averaged, the 

variations in the ultrasonic signal are directly proportional to the transducer's beam 

profile in the test material. 

Experimental Design 

The refracted radiation patterns of a Log wave transducer and of a commercial 

creeping wave transducer were measured with the beam profiling apparatus. The 

Log wave transducer was constructed at Texas AgsM University It is designed to 

produce a strong, critically refracted longitudmal wave within a steel plate that can 
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travel a considerable distance parallel to the surface. The creeping wave transducer 

was a dual-element focused transducer, Model 83-613, made by Rontgen Technische 

Dienst, BV. It is the commercially available transducer that is most similar to the Lc-p 

wave transducers made at Texas AgsM. Both transducers have a nominal resonant 

frequency of 2. 25 MHz. 

The beam profiles of the transducers' longitudinal and shear wave signals in 

the steel plate were measured at 2. 5' intervals from a 0 to a 90 angle of refraction 

Three complete and independent trials were performed on each transducer. These 

multiple trials reduced the effect of the random variations in the acoustic coupling 

of the profiling transducers Panametrics longitudinal and shear wave transducers, 

Model A1029 and V147, were used as the profiling transducers. These transducers 

also have a nominal resonant frequency of 2. 25 MHz and are 13 mm (0. 5 in. ) in 

diameter. The strength of the profiling transducer's received signal was quantified 

as the maximum amplitude of the first arrival trace as displayed by an Epoch 2002 

Ultrasonic Flaw Detector. The amplitudes of the received signals were standardized 

as a percentage of the maximum received signal from each trail. A complete listing 

of test data is presented in Appendix A. 

Beam Profiles of the Lgg Wave Transducer 

The longitudinal and shear wave profiles of the Lcg wave transducer were 

measured with the beam profiling apparatus The Log wave transducer is of the 

type used in the stress measurement portion of this study. It is design to produce 

a 2. 25 MHz longitudinal wave in a Plexiglas wedge at an incident angle of 30 with 

respect to the steel test specimen. This angle is approximately 1 greater than the 

calculated first critical angle of refraction in the test material and is chosen to acheive 

maximum performance At this angle, some portion of the incident ultrasoiuc energy 

is reflected at the interface and remains within the transducer 



The longitudinal and shear wave profiles of the Log wave transducer are plotted 

as a function of' the refraction angle in Figure 11. The longitudinal wave profile 

shows that a Lop wave is indeed generated at the surface of the steel plate. The 

concentration of longitudinal wave energy near the surface is shown by the principal 

lobe of the refracted signal. The maximum strength of the principle lobe is at an 

angle of refraction of 84 . There is a stronger lobe at 67, but this is the first side 

lobe, which is not important in ultrasonic stress measurement. The lower relative 

amphtude of the principal lobe, as compared to the first side lobe, is mostlydue to 

the incident energy that is lost by the reflection at the Plexiglas/steel interface. Also 

note that the longitudinal profile has multiple side lobes which trail off below 60~. 

The shear wave profile is much simpler. It consists of a single ultrasonic lobe at a 37 

angle of refraction. This angle agrees closely with the Snell's Law calculation 

The longitudinal wave profile presented in this study is in excellent agreement 

with the theoretically predicted radiation patterns of Basatskaya et al. , as shown in 

Figure 12. Basatskayalr l explains that when the incident longitudinal wave at the 

Plexiglas/steel interface equals 30, ". . . the maximum displacement (i. e, amplitude) 

within the first principal lobe is even smaller than the corresponding maximum 

displacement within one side lobe" The Lait wave transducer in this study is 

functioning slightly beyond the first cntical angle; therefore, it is reasonable to assume 

that some of the energy that would generate the principal lobe is being reflected in 

the transducer at the interface. Basatskaya goes on to explain that as this incident 

angle is increased further so is the difference between the amplitudes of the principal 

and first side lobe. In this study, the refraction angle of both the principle and first 

side lobes is greater than those shown in Basatakaya's theoretical pattern; and, the 

difference in the amplitudes of these lobes is also correspondingly greater. Considering 

all of this, the distribution of refracted ultrasoiuc energy is remarkably similar. 
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Fig 11 The longitudinal and shear wave profiles o of the L wave transducer. 
Frequency = 2. 25 MHz and 25. 4 mm (LO in) square. 
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Fig. 12 Theoretical longitudinal wave profile for a 30 incident longitudinal wave 

at a Plexiglas/steel interface, Frequency = 1 8 MHz and diameter = 18 
mm (. 71 in). Adapted from Basatskaya~zs~ 

Beam Profiles of the Creeping Wave Transducer 

The longitudinal snd shear wave profiles of a commercial 2. 25 MHz, dual- 

element focused creeping wave transducer were also measured with the beam profiling 

apparatus. The transducer is designed to generate high angle longitudinal waves for 

nondestructive inspection in steel specimens. This type of probe is extremely useful 

for near-surface testing~ l. It has separate transmitter and receiver crystals which 

are angled toward each other to provide a focusing effect. In the present research, 

only the transmitter of the creeping wave transducer was used. The beam profiles 

vrere measured by the profiling receivers coupled to the arc of the test plate. 

The longitudinal and shear wave profiles of the creeping wave transducer are 

plotted in Figure 13 as a 1'unction of the refraction angle The longitudinal wave profile 

shows a strong lobe near the surface of the test spemmen with the maximum strength 



at 72' The location of this lobe indicates that it is the principal longitudinal lobe. 

The component of this lobe which is parallel to the surface, i. e. at 90' refraction angle, 

is identified as the creeping wave. In this study, the strength of the creeping wave was 

only 25% of the maximum received signal. Note that there also are some side lobes 

that trail off below 60 . These are similar to those seen in the Lcg wave transducer's 

profile but the relative amplitude is much lower. The relatively low strength of the 

side lobes is due to acoustic damping of the creeping wave transducer's crystal. The 

shear wave beam profile consists of a single lobe at an angle of refraction of 33 . This 

profile is also very similar to the Lg~ wave transducer's shear profile with only a small 

change in the refraction angle The refraction angle of this shear wave corresponds 

to the Snell's Law prediction for a shear wave generated by mode conversion from a 

critical refracted longitudinal wave in steel 

Rontgen Technische Dienstl i has published in their commercial literature a 

schematic of the creeping wave transducer's radiation pattern in steel, as shown in 

Figure 14. The piezoelectric elements in the transducer are shown to be fixed at the 

first critical angle of refraction. The main compressional envelope, i. e. the principal 

lobe, is quoted in the literature to be at an angle of 74', a slightly higher angle than 

measured here. The creeping wave is identified as the component of the principle 

lobe that is traveling along the surface. The schematic also shows that the creeping 

wave transducer excites a shear wave lobe at 33 as predicted by Snell's law. The 

experimental profiles presented in this research are in very close agreement with these 

pubhshed data. 

Analysis of Results 

The shear wave profiles of both the Lcp and creeping wave transducer are very 

similar, but not identical. The difi'erences provide some useful information about 

the transducers. The angle of refraction at which the shear wave is excited by the 

Lop wave probe is 4 greater than that of the creeping wave probe. This clearly 
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Fig. 13. The longitudinal and shear wave profiles o of the cree in wave transducer. P g 
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40 

CRITICAL ANGLE OF INCIDENCE 

CRYSTAL 

CREEPING WAVE 

'~NV LOPE OF 

COMPRESSS3NAL WAVES 

I MAIN CQMPRESSIONAL 
ANGLE. 

33 SHEAR WAVES 

Fig. 14. Schematic of the creeping wave transducer's radiation pattern as published 

by Rontgen TechnIsche Diest, BV. Frequency = 2. 25 MHz. Reported by 

De Raadl 

demonstrates that the incident angle of the LcR wave transducer is greater than 

that of the creeping wave transducer, which is already at the first critical angle of 

refraction. 

The creeping wave component identsfied in the longitudinal radiation pattern 

of the commercial creeping wave probe may also be identified in the longitudinal 

beam profile of the Log wave transducer. By definition, the creeping wave is the 

component of the principal lobe that is drrected parallel to the surface of the test 

specimen, i. e. the angle of refraction equals 90'. The creeping wave generated by the 

LcR wave probe has an amplitude equal to 50% of the marImum received signal. This 

is a greater percentage than that generated by the creeping wave probe. The higher 

amplitude of the critically refracted component of the LcR wave transducer is directly 

related to the slightly increased incident angle. The LcR wave probe is a stronger 

creeping wave transmitter because a larger portion of the principal lobe energy is 

actually being refracted along the surface of the specimen. This difference has been 



observed. The creeping wave probe's signal decays rapidly making acoustoelastic 

stress measurements difficult; while, the Lcg wave probe's signal, as previously noted, 

has been used at distances of over 480 mm (19 in. ). 

The commercial creeping wave transducer is highly damped with backing ma- 

terial; whereas, the Lgg wave transducer is undamped by design. The effects of 

this damping are clearly evident in the longitudinal beam profiles. In comparison, 

the amplitudes of the multiple side lobes for the creeping wave probe trail off sig- 

nificantly below 60 while those for the Lcit wave probe remain strong. With the 

stronger undamped signal and the larger critically refracted component, the Lcii 

wave transducer is much better suited for acoustoelastic stress measurement. The 

creeping wave transducer generates a radiation pattern where the majority of the 

emitted ultrasonic energy is contained within a single compressional lobe oriented 

slightly into the material and a single trailing shear lobe. Thus, the creeping wave 

probe is much better suited for near-surface mspection where strong side lobes would 

confuse the interpertation. 

The positions and relative amplitudes of the ultrasonic lobes presented in the 

beam profiles are well defined by the experimental data; whereas, the divisions be- 

tween the lobes are not so well defined and required some extrapolation. The rela- 

tively large dimension of the profiling transducers, as compared to the width of these 

null depths produced some blurring of the received signal strengths. Smaller profiling 

transducers would have increased the resolution of these null depths. Nevertheless, 

the large amplitude changes observed in these experiments adequately document the 

beam characteristics of these two probes. The beam profiling technique presented in 

this chapter is a simple and accurate method for determiiung the beam profiles of 

ultrasonic transducers in a given test material. 
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RESIDUAL STRESSES IN THE PATCH WELDED PLATES 

Two patch welded steel plates supphed by the DuPont Co. were used to 

evaluate the Log ultrasonic technique for residual stress measurement. The two 

large steel plates were patch welded in the center to create a residual stress field; 

and subsequently, one of the plates was stress relieved. Travel-time measurements of 

critically refracted longitudsnal waves are used to determine the stress state of the 

plates and to estimate the stresses created by thermal contraction of the circular patch 

welds The results indicate that the travel-tsmes obtained wsth the Log ultrasonic 

techmque can be used to distmguish between the stress relieved and non-stress relieved 

pla~esl"i. 

Consideration of the Weld Stress Measurement Parameters 

The Log wave probe used in this study is a long device with three in-line Log 

wave transducers, as described previously, and a magnet&c clamping system. The 

probe is configured with two receivers that are in-line wsth a single transmitter. Its 

overall length is about 635 mm (25 in. ), as shown in Figure 15. The entire probe 

assembly was constructed at Texas ALM University and has a nominal operating 

frequency of 2. 25 MHz. 

When a Lcn wave pulse is excited in the steel plate by the transmitter, the 

velocity of this wave can be determined by the travel-time between the two receivers. 

Since the distance between the receivers is a constant, the acoustic velocity is inversely 

proportional to th&s travel-tsme. Consequently, the acoustoelastic relat&onship can be 

expressed in terms of travel-time. The tandem-catch arrangement minimizes the 
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Fig. 15. A photograph of the Lcn probe used in the patch weld residual stress 
research. Not shown to scale. 

travel-time measurement errors that can be created by wave speed changes in the 

transducers or transmitter triggering uncertainty 

To evaluate the stress state in steel plates, the effects on the wave speed of 

the residual stress, texture, and temperature in the plate must be estabhshed. Since 

the measured travel-time is proportional to the velocity, the acoustoelastic analysis 

may be performed on the differential travel-times. The model oi' the acoustoelastic 

parameters proposed by Bray et ul~ ' is expressed m terms of travel-time as 

t = t' + Sty + AtIts + Atzx + Atz 

where 

t — measured travel-time, 

t* — travel-time for a homogeneous, isotropic, stress free plate at a standard 

temperature, 
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Atz; — travel-time effect oi' the applied force, 

Dtgs — travel-time effect of the residual stresses, 

Sty~ — travel-time effect of the material texture, and 

Sty — travel-time effect of the temperature difFerence from the standard temper- 

ature 

For stress measurement in welded plates, the change in travel-time due to 

applied force, Atp, may be redefined as At~v, the change in travel-time due to 

the weld induced stress. The effect of the manufacturing induced residual stresses in 

the original plate remains Stag. The travel-time in a typical as-manufactured steel 

plate without weld stresses and at a reference temperature may be expressed as: 

tv —— t + AtRS + D, tTX 

This reference travel-time, t, represents the stress free travel-time of the material 

plus the changes required for manufacturing induced residual stress and matenal 

texture In this study, the reference travel-time is determined from measurements in 

a stress free portion of the patch welded plates. Combining Equations 9 5 10 yields 

an applicable equation for the change in travel-time due to the weld induced stress 

in the plate at any temperature: 

Atgrs = Atp = t — t~ — Sty 

where t is the experimentally determined travel-time obtained from the welded plate 

that is being evaluated. With a knowledge of the weld induced change in travel-time 

and the appropriate acoustoelastic constant, the stress change created by the weld at 

any point in the plate may be calculated. 

The relationship of measured Lgg wave change in travel-time to the correspond- 

ing change uniaxial stress is given by Egle and Bray~ ) to be: 

E 
Ao = (t — t, — Dtz) 

Art st, (12) 

where Air is the change in stress due to the weld While the assumption of an uniaxial 

stress field is not correct for the patch weld circumstance of the present study, the 
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stress field for many butt-weld arrangements may be approximated by an uniaxial 

field. As an estimation, the weld stresses in this study are calculated under the 

uniaxial assumption. 

The Effects of Temperature and Texture 

The effect of temperature on wave speed may be included, if the conditions 

require that this be done. For pearlitic steel, the linear effect of temperature on the 

velocity of longitudinal ultrasonic waves has been determinedl ~ to be +0. 55 ~. For 

the probe used in this study, the temperature effect on the travel-time was calculated 

to be 0. 0034, "&. With this value, Atz, is established for the conditions at the time 

the data were obtained. The range over which the temperature fluctuated duung this 

experiment, 22. 6'C to 23. 2'C, produced no significant effect 

One problem associated with using the acoustoelastic relationship i' or stress 

measurement is that nominally identical materials may exhibit slight differences in 

wave speeds and acoustoelastic constants. The wave speed variations may originate 

from texture as well as residual stresses. Differences in acoustoelastic constants most 

likely are caused by texture effectsl l. Where texture is relatively constant, however, 

the data indicate that stress differentials are measurable. Additionally, data collection 

and analysis schemes designed for specific applications may yield reasonable estimates 

of absolute stress levels. 

Changes in the plates' material texture and the texture near to weld seams 

are thought to be a serious obstacle to using the acoustoelastc effect for stress 

measurement. This was not the case for two structural steel plates joined at the 

center by a longitudinal double vee groove weld, as reported by Leon-Salamanca et 

all ' I Data were obtained from the plates before and after heat treatment, using 

both the Lcg wave and neutron diffraction techniques. The effects of the stress relief 

were clearly shown by the Lcii wave data, but not by the neutron diffraction results 

which would have been affected by any change in texture. Since the heat treatment 
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did not affect the texture, the results indicate that the initial travel-time profiles were 

caused by the internal stress of the weld and not by the texture. 

Experimental Design 

The present study describes the evaluation of two patch welded steel plates 

which were supplied by the DuPont Co The test plates are made of 13 mm (0. 5 in. ) 

thick, ASTM A-516, Grade 60 Steel. Each plate is 120 cm (48 in) square and contains 

a circular patch weld at the center, as shown in Figure 16. The welded patch, R = 

76 mm (3. 0 in ) creates a significant stress field in the plate One of the test plates 

was stress relieved after it was patch welded while the other was not. At the time of 

the testing, it was not known which plate had been stress relieved. The effects of the 

weld induced stress, localized residual stress and material texture on the travel-time 

of the Lcit waves were examined in this experiment. 

The Lc~ wave probe used in this study was configured in a pitch and tandem- 

catch arrangment. The initial pulse used to exmte the transmitting transducer 

was generated by a Panametrics Ultrasonic Analyzer, Model 5052-UA. The received 

signals were digitized with a computer system called PCDAS, Personal Computer 

Data Acquisition System, which allowed 16 wave forms to be averaged for each travel- 

time measurement. This system uses an analog to digital converter capable of real- 

time sampling rates of 20 MHz. This is notable since the accuracy of the travel-time 

measurements is a direct function of the sampling rate of the data acquisition system. 

Overall accuracy in measuring the arrival times was felt to be at least 0. 025 ps. 

Theoretical analysis of patch welds predicts that the largest variation in the 

stress distribution will occur in the tangential component as a function of the radial 

distanceI l. Thus, the tangential travel-time measurements taken in this study along 

several radial directions were the ones most likely to detect the stress gradient created 

by the patch welds. The additional effect of texture induced anisotropy was also 

investigated by varying the direction of propagation of the Log waves. 
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Fig. 16. Schematic of the Lcg probe and the patch welded plates showing the 
tangential orientation of the probe at 0' and the test plan geometry 

A full factonal design is used in this experiment. A diagram of the test plan 

that was used for the travel-time measurements is shown in Figure 16. The Lop wave 

probe was aligned tangential to the circular weld bead Travel-time measurements 

were taken along 3 radial directions (0', 45', and 90 ) on each plate, Along each 

radial line, data were obtained at 19 distances. Near to the patch, where the stress 

sects would be greatest, data were obtained at 13 mm (0. 5 in. ) increments from the 

weld bead to a radial distance of 230 mm (9 in ). From 230 to 380 mm (9 to 15 in. ) 

data were taken at 25 mm (1. 0 m. ) intervals Temperature measurements were taken 
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at each location during the differential travel-time measurement procedure. This test 

plan produced 114 observations, 57 per plate A complete listing of the test data is 

presented in Appendix B. Randomization of the data acquisition process was used to 

eliminate bias and to insure random distribution of the expenmental variance. 

The ultrasonic travel-times obtained with the Log wave were used to distinguish 

between the stress relieved and non-stress relieved steel plates Figure 17 is a plot of 

the average difFerential travel-times for each plate as a function of the radial distance 

from the patch weld. Each data point is the mean travel-time of the three different 

angular samples at the same radial distance. A pattern in the data is apparent for 

plate 2. The data points farthest from the weld are relatively flat. Approaching the 

weld, there is a minimum travel-time at 152 mm (6. 0 in) which steeply rises to a peek 

at the weld radius, 76 mm (8 in. ). While there is scatter in the data for both plates, 

no distinctive minimum or maximum can be found for the plate 1. 

The data pattern presented for plate 2 corresponds well to the theoretical 

predictions for the tangential weld stress distribution that would be created by a 

circular patch weld in a larger plate( ). A region of high tangential, tensile stresses 

exist at the weld due to circumferential shrinkage of the weld metal These stresses 

may be as high as the yield strength of the material. Farther out from the patch 

weld, a region of lower tangential, compressive stresses exist due to radial shrinkage 

of the patch weld. Beyond this compressive region, a stress free area exists where the 

material is not affected by the patch weld. This region may be used to determine the 

stress free ultrasonic reference velocity for the material. All of these regions may be 

distinguished in the experimentally determined tangential travel-time distribution of 

the non-stress relieved plate 2. The results indicate that plate 1 was stress relieved 

while plate 2 was profiled in the as welded condition. 
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Fig. 17. Average differential travel-times for the Lcti waves travehng tangentially 
to a mrcular patch weld, R, as a function of radial distance for a stress 
relieved plate (1) and non-stress relieved plate (2). Estimated stress based 
on uniaxial stress field assumption. 

Estimation of the W'eld Induced Stresses 

By assuming that the mean travel-time data in the region from 230 mm to 380 

mm (9 to 15 in) represent a stress free reference travel-time, the relative change in 

stress at any point on the plate may be estimated from travel-time measurements at 

that point with Equation 12. The mean stress free travel-times for plates 1 and 2 were 

36. 9119 ys and 36. 9095 ps respectfully; thus, yielding an average stress free travel- 

time, tu, of 36. 911 ps with a standard deviation of 0. 056 ps. The greatest difference 

between this stress free reference travel-time and a experimentally measured travel- 

time was at the weld in plate 2. Applying Equation 11 at this point yields: 
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which is the largest change in travel-time due to the weld induced stress The 

temperature range during this experiment produced no significant change in Lo21 

wave speed, therefore, efi'ect of temperature, DtT, was assumed to be zero. 

From Egle and Bray' ', the Lcg wave acoustoelastic constant, A11, for pearlitic f131 

steel is 2. 45. Young's modulus for the plate steel is 207 GPa (30 X 10 psi) For 

approximation purposes, it will be assumed that the present data from the patch 

welded plates is representative of data from a uniaxial stress field. Thus, maximum 

change in stress due to the weld may be calculated using Equation 12 

207 X 10 
Aa = (0. 139) = 318 21lfPa (46 ksi) 

(2. 45)(36. 911) 

This value exceeds the minimum yield stress of 262 MPa (38 ksi) for the structural 

steel used for the patch welded plates. The calculation, however, is based on the 

assumption of a uniaxial stress state. In reality, a biaxial stress state actually exists 

in the patch welded plates Therefore, the stress scale shown in Figure 17 is only an 

estimation of the tangential stresses that the patch welds create. 

The stress distribution presented in Figure 17 agrees well with theoretical 

predictions for tangential, residual stresses created by circular patch weld Figure 

18 shows a typical patch welded plate and the theoretical residual stress distribution 

associated with it. Note that a biaxial stress distribution is actually created m the 

32' 
weld effected region by the circumferential and radial shrinkage of the patch weld( 

The tangential stress distnbution, which displays a. larger range of stress levels, was 

investigated in this research because it was more likely to be detected. 

Statistical Analysis of Data 

Data were analyzed using an analysis of variance (ANOVA) and a least sig- 

nificant difference T test, procedures widely used for identifying the significant 

independent variables within data sets and comparing pairs of means with equal 

variances( ' ). The analysis of variance procedure partitions the total vanation in a 
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Fig. 18. Theoretical distribution of residual stresses in a circular patch welded 
plate where sr~~ and rr~ are the tangential and radial stresses, respectively. 

Adapted from Masubuchii 

measured response, such as travel-time, into components which can be attributed to 

recognizable sources of variationl ). Significant. factors within data sets are indicated 

by a F value statistic, which is the ratio of the variation attributed by the given 

treatment (factor) to the variation attnbuted by random experimental error. 

A significance level of one percent (a = 01) is selected for this analysis. The 

significance level, a, indicates the probability that a variable will be identified as 
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significant when, in truth, it is not. For a given significance level, the number of 

treatments (k) and the total number of data points (N) establishes a minimum crit- 

ical F value, which may be obtain from statistical tables. The statistical computer 

program used for this analysis, SAS, went one step further. It calculated the actual 

significance probability, Pr, corresponding to each F value If this calculated signif- 

icance probability is less than or equal to the selected level, n, the null hypothesis, 

that all of the samples are the same, may be rejected When null hypothesis is re- 

jected (Pr ) F), the conclusion is that the treatment had a significant effect on the 

measured response. Otherwise, the treatments are assumed to be the same. 

The data for the present investigation are first analyzed to detect any variation 

with radial angle in the stress free region. Tables 1 and 2 show the ANOVA results 

I' or data obtained in the unstressed region at the three angles in plates 1 and 2, 

respectively In both cases the significance probability, Pr, is greater than the selected 

significance level, rr = 0. 01. Thus, there is a 99% confidence that there are no 

significant differences by angle in the unstressed regions of the plates Further, Table 3 

shows the ANOVA results comparing the stress free regions of the two plates. Again, 

the statistics indicates that the travel-times in the unstressed regions of the two 

plates are not significantly different. Thus by angle and plate, there is no detectable 

difference in the mean stress free reference travel-time for the two plates. 

To determine if significant difi'erences exist in any region of plates 1 and 2, an 

analysis of variance by radial distance is run in both plates. The ANOVA results are 

shown in Tables 4 and 5. For plate 1 (Table 4), the significance probability is greater 

than the selected level, indicating that there is no significant difi'erences in travel- 

time by radius. For plate 2 (Table 5), however, the results indicate that significant 
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Table 1. Analysis of variance (ANOVA) of travel-times by angle in the stress free 
region of plate 1, cr = 0. 01 

Source DF SS MS F value Pr&F 

Angle 

Error 

N 

2 0. 0267 0. 0133 

18 0. 0678 0. 0038 

20 0. 0945 

3. 54 0. 0506 

Table 2. Analysis of variance (ANOVA) of travel-times by angle in the stress free 
region of plate 2, n = 0. 01 

Source DF SS MS F value Pr&F 

Angle 

Error 

N 

2 0. 0074 0. 0037 2. 58 

18 0. 0257 0. 0014 

20 0. 0331 

0. 1032 

differences in the travel-time do occur with radius, since the probability is less than 

selected significance level, n = 0. 01. 

Unfortunately, the ANOVA procedure does not tell us at which of the radial 

distances in plate 2 may the travel-times be regarded as significantly difFerent from 

the others. Therefore, a least significant difference T test is used to identifying the 

differences in data set. A significance level of one percent, o = 0. 01, is again selected. 

The results of the T test are reported in groupings of means signified by different 

letters, starting with "A". Where significantly different data groupings are found, 

these are identified with difFerent letters. Means within a group may also be different, 

but, we cannot claim this with a 99% confidence. 
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Table 3. Analys&s of variance (ANOVA) of travel-times by plate in the stress free 
region of the plates, a = 0. 01 

Source DF SS MS F value Pr&F 

Plate 

Error 

N 

1 0. 00006 0 ' 00006 0. 02 

40 0. 1276 0. 0032 

41 0. 1277 

0. 8920 

Table 4. Analysss of variance (ANOVA) of travel-times by radial distance for plate 
l, a=001 

Source DF SS MS F value Pr&F 

Radius 18 0. 0524 0. 0029 0. 60 0. 8739 

Error 

N 

38 0. 1833 0. 0048 

56 0. 2358 

Table 5. Analysis of variance (ANOVA) of travel-times by radial distance for plate 
2, a =0. 01 

Source DF SS MS F value Pr&F 

Radius 

Error 

N 

18 0. 1860 0. 0103 3. 10 

38 0. 1267 0. 0033 

56 0. 3126 

0. 0016 
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Table 6 shows the T test groupings of the means for all of the data collected 

from plate 2. A graphical representation of these groupings are shown in Figure 19. 

The smallest group, A, contains the four points nearest to the weld having the longest 

travel-times, as well as two in the outer regions Group C contains all of the points in 

the assumed stress free region of the plate. Group D includes points with the shortest 

travel-times and particularly the minimum at 152 mm. These groups corresponds well 

to the theoretical predictions for the tangential stress distribution sn a patch-welded 

plate. 

Table 6. Groupings by radius from the least significant difference T test for the mean 
travel-times in plate 2, a =0. 01 

Grouping Mean ()ts) N Radius (mm (in)) 

A 
B A 
B A C 
B D A C 
B D A C 
B D A C 
B D A C 
B D A C 
B D C 
B D C 
B D C 
B D C 
B D C 
B D C 
B D C 

D C 
D C 
D C 
D 

37. 050 
37. 033 
36. 983 
36. 933 
36. 933 
36. 933 
36. 917 
36. 917 
36. 900 
36. 900 
36. 900 
36. 900 
36. 883 
36. 883 
36. 883 
36. 867 
36. 867 
36. 867 
36. 800 

76. 2 
88. 9 

101. 6 
114. 3 
381. 0 
304. 8 
127. 0 
254. 0 
279. 4 
355. 6 
330. 2 
215. 9 
139. 7 
203. 2 
228. 6 
177, 8 
165. 1 
190. 5 
152. 4 

( 3. 0) 
( 3. 5) 
( 4. 0) 
( 4. 5) 
(15. 0) 
(12. 0) 
( 5. 0) 
(10. 0) 
(11. 0) 
(14. 0) 
(13. 0) 
( 8. 5) 
( 5. 5) 
( 8-0) 
( 9. 0) 
( 7. 0) 
( 6. 5) 
( 7. 5) 
( 6. 0) 

Several important observations may be made from the data analysis First, in 

the stress free region from 230 mm to 380 mm, the manufacturing induced residual 

stresses and texture in the plate should dominate over weld induced stresses. The 
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Fig. 19. T test grouping by radius of the mean differential travel-times for the Log 
waves propagating in the non-stress reheved plate 2. 

analysis of data m this region show no significant differences in travel-times by angle 

or plate. These two findings indicate that the Log wave data are not significantly 

affected by texture nor localized residual stress in these plates. 

The significantly difFerent travel-time data that is found for the non-stress 

relieved plate in the region near the weld (region A) indicates that the Lcir ultrasonic 

technique is capable of distinguishing stress relieved welded steel plates from those 

that have not been stress relieved. While the increase is much larger for plate 2, both 

plates show some increase in the travel-time at the weld and in the small area near to 

it. These results clearly show that plate 1 was stress relieved but may also indicate 

that this stress relief may not have been complete. 

The scatter which appears in the data could be derived from several sources, 

including local residual stresses and texture as previously discussed Most likely, 

much of this scatter is a result of random experimental error in the travel-time picks 
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and variations in the acoustic coupling of the Lcg probe. The length of the probe 

used in this study caused some difficulty in coupling it to the plates. A shorter probe 

configuration would, most likely, reduce these coupling induced variations. 

Applications of the L~~ Ultrasonic Technique 

The previously cited results on the welded plates suggest an immediately 

available procedure that can determine the presence or absence of high stresses in a 

weld and in the surrounding areal l. The procedure is to obtain a travel-time profile 

across the region being investigated, starting at an assumed stress free reference 

point that is away from the weld affected zone Probe orientation is held constant 

with respect to the plate's rolling direction to control the effect of the texture on the 

ultrasonic velocity. A characteristic pattern in the travel-time profile would indicate 

that the part has not been stress relieved. The absence of a significant travel-time 

pattern would indicate a stress relieved condition. Without question, further research 

is needed to establish full confidence in the ability of the technique to measure weld 

stresses. Nonetheless, the results obtained thus far show that the Lcg method can 

be used to detect weld induced stresses. 

In 1978, Fukuoka et all ~ used a "sing-around" acoustic birefringence technique 

and dissectioning to evaluate the residual stress distribution in patch welded circular 

plates made of mild steel. Those findings are in excellent agreement with the 

results obtained in this research. Fukuoka et ul concluded from his research that 

acoustoelastic stress analysis seems to be one of the most promising techniques 

for nondestructive stress analysis, although there are still many difficult problems to 

overcome, notably those of transducer-coupling materials and separation of preferred 

orientation effects. " The shear wave acoustic birefringence technique, as in the 

previously mentioned study, uses the travel-time change of the multiple echoes 

propagating across the thickness of the sample. Clearly, this technique is limited to 



58 

fully isotropic material having highly parallel sides. Moreover, the stresses measured 

will be the average through the thickness, and not rndicative of any gradient 

Since the Log ultrasonic technique is less sensrtive to material texture and more 

sensitive to stress, the variations due to the preferred orientation effect are much 

less pronounced. Additionally, the possibility of measunng stress gradients through 

the choice of different excitation frequencies is intriguing' '. Furthermore, the Lgg Isr] 

technique does not impose any strict geometric limitations on the test specimens. 

The results of thss research seem to indicate that the Lcg ultrasonrc technique is the 

most promising acoustoelastic method for nondestructive stress analysis since it has 

overcome many of the problems associated with the birefringence technique. 
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CONCLUSIONS 

Residual stresses always have been a nemesis of sound engineering design. 

Uncertainty about the residual stress state has led to significant over design in many 

engineering structuresi 1. Wyldei 1 specifically describes the influence of residual 

stresses on designing welded structures. The general conclusion is that in the absence 

of information about the residual stress, the safe assumption is that residual stresses 

may be as high as the yield strength of the material. Clearly, a knowledge of 

the residual stresses would be beneficial to engineering design. More specifically, 

knowledge if a weld has been properly stress relieved would remove s. large portion of 

the design uncertainty that now exists 

The acoustic techniques are based on the acoustoelastic effect which correlates 

the stress field in a material to changes in the ultrasonic wave speed. This linear 

relationship of stress to ultrasonic velocities is relatively small, on the order of 

a few hundreds of a percent11; and yet, it has been used successfully for many 

years to measure bulk and near-surface stresses. As research on the nondestructive 

measurement of stress has evolved over the years, it has become clear that the 

critically refracted longitudinal wave technique offers some distinct advantages over 

other methods. Since the Log wave is a bulk wave which travels just below the surface 

of the material, it is sensitive to a stress field in a finite thickness and not just at the 

surface. Also important is that in comparison to the shear wave, the Log wave is the 

more sensitive to stress and, yet, it is less sensitive to material texturei 

The results show that the Lcg ultrasonic, stress measurement technique can 

quantitatively distinguish between stress relieved and non-stress relieved plates Fur- 

thermore, it appears that the degree to which a plate or weld is stress relieved may 

also be indicated. Once a reference travel-time is determined from a stress free region 

of a plate, the relative stress level at any other point on the plate may be estimated 

from travel-time measurements at that point and the appropriate acoustoelastic con- 

stant. The patch welded plate's stress distribution that is approximated from the 
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experimentally measured travel-times in this study corresponds well with other ex- 

perimental and theoretical predictions. 

The L~~ ultrasonic technique used in this study has shown an abihty to 

indicate stress conditions in a variety of materials. The earlier studies applying the 

technique to stress measurement in railroad raill ' ' ' l were continued by Polish 

investigatorsl ' ~. They report success in monitoring manufacturing induced stresses 

as well as thermal induced stress changes in rail installed in the track. Also, the 

technique has demonstrated an ability to measure stress in castings made from ductile 

cast ironl ' i. In another application, the Log technique was used to determine the 

stress distribution in a shrunk fit retaining ring installed in a turbine rotor at an 

electric generating station ' As interest in the Lc~ ultrasonic technique expands, [441 

further applications will surely develop. 

The overall precision of stress measurement with the Lcg ultrasonic technique 

is dependent on the accuracy of the system used to obtain travel-time data. Where 

the system used for the present study had an accuracy of 0. 025 ps, systems presently 

available are capable of measurements within 0. 001 ps. Further, a new smaller probe 

design as used in the ductile cast iron studiesl4r'4sl should improve the overall precision 

of the system by reducing the random scatter caused by variations in the acoustic 

coupling. 

Uncertainty which exists in using the Lcg ultrasonic technique generally rests in 

unanticipated variations in the parameters affecting the acoustic travel-times, namely 

the acoustoelastic constant, the presence of any external forces, and material texture. 

Field experience in using this technique has shown that variations are to be expected. 

Laboratory experimentation will continue to quantify the acoustoelastic constants for 

other materials, to develop more robust data acquisition methodologies, as well as to 

improve accuracy and precision of the travel-time measurement systems. 
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APPENDIX A 

BEAM PROFILING DATA 

LCR WAVE TRANSDUCER DATA 

ANGLE 
LONG I TUD I NAL 

AMPLITUDE 
SHEAR 
AMPLITUDE 

90. 0 
87. 5 
85. 0 
82. 5 
80. 0 
77. 5 
75. 0 
72. 5 
70. 0 
67. 5 
65. 0 
62. 5 
60. 0 
57. 5 
55. 0 
52, 5 
50. 0 
47. 5 
45. 0 
42. 5 
40. 0 
37. 5 
35. 0 
32. 5 
30. 0 
27. 5 
25. 0 
22. 5 
20. 0 
17. 5 
15. 0 
12. 5 
10. 0 
7. 5 
5. 0 
2. 5 
0. 0 

50 47 45 
57 57 60 
57 72 75 
75 77 77 
72 72 72 
65 60 62 
62 57 62 
67 57 67 
80 85 80 

100 97 97 
90 87 90 
67 65 70 
57 57 60 
55 57 55 
50 52 52 
50 50 47 
47 47 47 
42 42 42 
40 40 40 
37 37 37 
37 37 32 
32 30 35 
32 30 30 
30 27 30 
30 27 27 
27 22 22 
25 20 20 
22 20 20 
22 20 17 
20 17 17 
20 17 17 
20 15 12 
15 12 12 
15 12 12 
12 12 12 
12 12 12 
10 10 10 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
2 2 
7 7 

10 7 
17 12 
37 37 
57 52 
70 72 
92 102 
92 87 
55 57 
30 20 
10 10 

5 5 
0 2 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
7 

12 
20 
40 
62 
85 
80 
55 
20 

5 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 
2 

PERCENT 
PERCENT 

FULL SCREEN 
FULL SCREEN 

LONGITUDINAL RESPONSE 
SHEAR RESPONSE 



CREEPING WAVE TRANSDUCER DATA 

ANGLE 
LONGITUDINAL 
AMPLITUDE 

90. 0 
85. 0 
80. 0 
75. 0 
70. 0 
65. 0 
60. 0 
55. 0 
50. 0 
45. 0 
40. 0 
35. 0 
30. 0 
25. 0 
20. 0 
15. 0 
10. 0 
5. 0 
0. 0 

15 10 
30 25 
35 50 
55 70 
65 75 
50 60 
30 25 
15 15 
10 10 

5 5 
5 5 
5 5 
5 5 
5 5 
5 2 
5 2 
0 0 
0 0 
0 0 

15 
25 
40 
55 
55 
40 
20 
10 
10 

8 
8 
5 
5 
5 
3 
2 
0 
0 
0 

15 
35 
55 
65 
75 
55 
25 
10 
10 

8 
5 
5 
5 
5 
3 
2 
2 
0 
0 

15 
35 
60 
75 
80 
60 
30 
10 
10 
10 

7 
7 
5 
5 
5 
3 
0 
0 
0 

ANGLE 
90. 0 
85. 0 
80. 0 
75. 0 
70. 0 
65. 0 
60. 0 
55. 0 
50. 0 
45. 0 
40. 0 
35. 0 
30. 0 
25. 0 
20. 0 
15. 0 
10. 0 
5. 0 
0. 0 

SHEAR 
AMPLITUDE 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 5 
5 10 

22 20 
55 55 
90 90 
85 90 
35 40 
20 20 

5 5 
0 0 
0 0 
0 0 

0 
0 
0 
0 
0 
0 
0 
5 

15 
25 
65 
85 
95 
35 
22 

5 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
5 

10 
25 
90 

0 
0 
0 
0 
0 
0 
0 
5 

18 
40 
90 

105 105 
100 100 

40 50 
20 18 

5 10 
0 0 
0 0 
0 0 
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APPENDIX B 

PATCH WELDED PLATES DATA 

OBS RADIUS ANGLE TEMP TTI' TT2 PLATE 

60 
43 
53 
11 
70 
17 
81 
42 
71 

6 
10 
59 

8 
69 
52 
24 
18 
82 
23 

108 
109 
105 
113 
110 
112 
107 
104 
115 
111 
106 
114 

51 
13 
31 
38 
61 
32 

2 
29 
83 
49 

4 
40 
62 

3. 0 
3. 5 
4. 0 
4. 5 
5. 0 
5. 5 
6. 0 
6. 5 
7. 0 
7. 5 
8. 0 
8. 5 
9. 0 

10. 0 
11. 0 
12. 0 
13. 0 
14. 0 
15. 0 
3. 0 
3. 5 
4. 0 
4. 5 
5. 0 
5. 5 
6. 0 
6. 5 
7. 0 
7. 5 
8. 0 
8. 5 
9. 0 

10. 0 
11. 0 
12. 0 
13. 0 
14. 0 
15. 0 
3. 0 
3. 5 
4. 0 
4. 5 
5. 0 
5. 5 

90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 

0 
0 
0 
0 
0 
0 

73. 2 
73. 4 
73. 5 
73. 6 
73. 2 
73. 5 
73. 6 
73. 3 
73. 3 
73. 0 
73. 2 
73. 2 
73. 1 
73. 2 
73. 5 
73. 4 
73. 5 
73. 5 
73. 5 
73. 2 
73. 2 
73. 0 
73. 5 
73. 4 
73. 5 
73. 2 
72. 8 
73. 6 
73. 4 
73. 1 
73. 5 
73. 6 
73. 7 
73. 2 
73. 2 
73. 2 
73. 2 
72. 7 
73. 1 
73. 5 
73. 4 
72. 6 
73. 3 
73. 2 

48. 79 
48. 64 
48. 69 
48. 69 
48. 64 
48. 59 
48. 59 
48. 64 
48. 59 
48. 69 
48. 64 
48. 79 
48. 74 
48. 74 
48. 59 
48. 59 
48. 54 
48. 64 
48. 54 
48. 64 
48. 89 
48. 84 
48. 89 
48. 69 
48. 69 
48. 84 
48. 69 
48. 79 
48. 69 
48. 89 
48. 89 
48. 69 
48. 64 
48. 64 
48. 64 
48. 79 
48. 69 
48. 64 
48. 69 
48. 69 
48. 64 
48. 64 
48. 69 
48. 64 

85. 64 
85. 59 
85. 54 
85. 54 
85. 49 
85. 49 
85. 49 
85. 49 
85. 54 
85. 54 
85. 49 
85. 59 
85. 49 
85. 54 
85. 49 
85. 49 
85. 49 
85. 44 
85. 49 
85. 69 
85. 89 
85. 84 
85. 89 
85. 64 
85. 64 
85. 79 
85. 54 
85. 64 
85. 59 
85. 79 
85. 84 
85. 64 
85. 54 
85. 59 
85. 54 
85. 79 
85. 54 
85. 54 
85. 64 
85. 64 
85. 64 
85. 59 
85. 64 
85. 64 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 — RANDOM OBSERVATION ORDER OF THE TRAVEL — TIME MEASUREMENTS 
2 — RADIAL DISTANCE FROM THE CENTER OF THE PATCH WELD IN INCHES 
3 — ANGULAR DIRECTION IN DEGREES 
4 — TEMPERATURE AT TIME OF MEASUREMENT IN DEGREES FAHRENHEIT 
5 — TRAVEL-TIME TO THE FIRST RECEIVER IN MICROSECONDS 
6 — TRAVEL-TIME TO THE SECOND RECEIVER IN MICROSECONDS 
7 — AS WELDED AND STRESS RELIEVED PLATE DESIGNATION 
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OBS RADIUS ANGLE TEMP TT2 PLATE 

12 
84 

7 
72 

3 
103 
41 
39 
74 
30 
85 
50 
73 
86 
37 
16 
26 
67 
78 
54 
45 
87 
36 
68 

5 
79 
25 
22 
44 
55 
35 
80 
95 
98 

101 
99 
97 
92 
84 

102 
91 
93 
96 

100 
56 
66 
21 
48 
88 
14 
20 
65 
33 
77 
47 
19 

6. 0 
6. 5 
7. 0 
7. 5 
8. 0 
8. 5 
9. 0 

10. 0 
11. 0 
12. 0 
13. 0 
14. 0 
15. 0 
3. 0 
3. 5 
4. 0 
4. 5 
5. 0 
5. 5 
6. 0 
6. 5 
7. 0 
7. 5 
8. 0 
8. 5 
9. 0 

10. 0 
11. 0 
12. 0 
13. 0 
14. 0 
15. 0 
3. 0 
3. 5 
4. 0 
4. 5 
5. 0 
5. 5 
6. 0 
6. 5 
7. 0 
7. 5 
8. 0 
8. 5 
9. 0 

10. 0 
11. 0 
12. 0 
13. 0 
14. 0 
15. 0 
3. 0 
3. 5 
4. 0 
4. 5 
5. 0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 

0 
0 
0 
0 
0 

73. 6 
73. 5 
73. 1 
73. 3 
72. 6 
72. 9 
73. 3 
73. 3 
73. 3 
73. 2 
73. 5 
73. 5 
73. 3 
73. 1 
72. 9 
73. 4 
73. 0 
73. 0 
73. 1 
72. 7 
73. 2 
73. 1 
72. 9 
72. 9 
72. 7 
73. 1 
73. 1 
73. 1 
73. 2 
72. 8 
72. 9 
73. 1 
72. 8 
72. 9 
73. 0 
72. 9 
72. 9 
72. 7 
72. 8 
73. 0 
72. 7 
72. 7 
72. 8 
72. 9 
72. 8 
72. 9 
73. 0 
73. 2 
73. 1 
73. 4 
73. 2 
72. 9 
72. 9 
73. 1 
73. 2 
73. 2 

48. 69 
48. 64 
48. 64 
48. 74 
48. 64 
48. 59 
48. 59 
48. 59 
48. 69 
48. 59 
48. 59 
48. 59 
48. 64 
48. 64 
48. 59 
48. 59 
48. 59 
48. 59 
48. 59 
48. 59 
48. 59 
48. 59 
48. 59 
48. 59 
48. 59 
48. 59 
48. 59 
48. 59 
48. 59 
48. 54 
48. 59 
48. 54 
48. 74 
48. 64 
48. 64 
48. 64 
48. 64 
48. 64 
48. 64 
48. 64 
48. 64 
48. 64 
48. 69 
48. 59 
48. 79 
48. 64 
48. 64 
48. 59 
48. 69 
48. 59 
48. 64 
48. 69 
48. 69 
48. 64 
48. 59 
48. 64 

85. 59 
85. 54 
85. 64 
85. 54 
85. 54 
85. 54 
85. 59 
85. 59 
85. 59 
85. 54 
85. 49 
85. 59 
85. 54 
85. 69 
85. 64 
85. 59 
85. 54 
85. 54 
85. 49 
85. 49 
85. 49 
85. 49 
85. 44 
85. 49 
85. 49 
85. 49 
85. 49 
85. 49 
85. 49 
85. 44 
85. 44 
85. 49 
85. 84 
85. 69 
85. 64 
85. 59 
85. 59 
85. 54 
85. 54 
85. 54 
85. 54 
85. 54 
85. 59 
85. 54 
85. 64 
85. 59 
85. 54 
85. 59 
85. 59 
85. 59 
85. 59 
85. 69 
85. 69 
85. 59 
85. 49 
85. 49 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
'1 
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OBS RADIUS ANGLE TEMP TT1 TT2 PLATE 

89 
9 

57 
75 
27 
46 
64 
28 
90 
15 
76 
34 
1 

58 

5. 5 
6. 0 
6. 5 
7. 0 
7. 5 
8. 0 
8. 5 
9. 0 

10. 0 
11. 0 
12. 0 
13. 0 
14. 0 
15. 0 

73. 1 
73. 1 
72. 9 
73. 1 
73. 0 
73. 2 
72. 9 
73. 0 
73. 1 
73. 4 
73. 1 
72. 9 
72. 7 
72. 9 

48. 64 
48. 89 
48. 74 
48. 64 
48. 59 
48. 59 
48. 64 
48. 59 
48. 59 
48. 64 
48. 64 
48. 59 
48. 64 
48. 79 

85. 49 
85. 49 
85. 54 
85. 44 
85. 44 
85. 44 
85. 49 
85. 49 
85. 49 
85. 54 
85. 54 
85. 49 
85. 49 
85. 69 
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