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Abstract

The influence of compressive stress on the reflection and transmission
of ultrasound has been investigated for fatigue cracks. An examination
has been made of the shear wave corner echoes from surface breaking
fatigue cracks which were grown at constant stress intensity factor to
control the roughness of the faces.

In this way a correlation has been established between the roughness of
the surfaces and the ultrasonic response at both zero load and under
stress. The effect of liquids in the cracks has also been studied and
the results compared with theoretical predictions for a thin sided
parallel gap.

INTRODUCTION

The ability of ultrasonics to detect cracks is intrinsically good,

but i t may be reduced if compressive stress forces the crack faces together.

High cycle fatigue cracks whose surfaces are very smooth are likely to be

particularly sensitive to such compression. A previous report (Wooldridge 1979)

investigated the changes in reflection and transmission of ultrasound at

machine ground surfaces which were under compressive loading. I t was found

that whereas the transmission approaches unity at high load, the specular

reflection may s t i l l be readily detected at normal incidence. This paper

concentrates on the shear wave corner echoes from surface-breaking fatigue

cracks which were grown at constant stress intensity factor to control the

roughness of the faces. In this way we have established a strong correlation

between the roughness of the surfaces and the ultrasonic response at both zero

load and under stress. The effect of. liquids in the cracks has also been

studied and the results are compared with theoretical predictions for a thin

parallel-sided gap.

PRODUCTION OF THE FATIGUE CRACKS

The cracks were grown by th ree -po in t bend in s t e e l bars whose dimensions

are shown in Figure 1. EN3B mild s t e e l was general ly used but some cracks were

also grown in high qua l i ty mild s t e e l welds. Constant-load fat iguing i s

commonly used to grow cracks in the laboratory and often occurs in se rv i ce , but

t h i s leads to a continuous gradation in surface roughness as the crack propagates.

Consequently the cyc l ic load amplitude was reduced continuously during crack

growth so as to maintain constant the change in s t r e s s i n t e n s i t y fac to r , Ak,

near the crack t i p . Three values of Ak were chosen in the range 20-60 MNm ^2

and the cracks were grown t o depths of 5, 1O or 15mm. The cracks extended through

the fu l l width of the block ( i . e . 50mm) and were constrained to l i e perpendicular

to the surface by cy l ind r i ca l s ide-grooves. After- crack growth, the V-shaped

s t a r t e r notches were machined away and the top and bottom surfaces ground f l a t

and p a r a l l e l to f a c i l i t a t e examination of the surface-breaking fatigue cracks.
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EXAMINATION OF THE CRACK FACES

On completion of the u l t r a son ic measurements some of the blocks were

s p l i t open to reveal the fat igue cracks . The crack faces were macroscopically | ^

f l a t , ly ing in a plane perpendicular to the t e s t i ng su r faces . Figure 2 shows

the Ra values for those cracks which have been examined and there i s a steady

increase in the mean Ra value with increas ing Ak for the cracks in parent meta

The weld specimen G which had not been s t r e s s - r e l i e v e d i s anomalously rough,

presumably because of va r i a t i ons in the mater ia l p rope r t i e s and res idua l welding

stresses in the block.
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There are various ways of describing the s ta t i s t ica l properties of rough

surfaces, but We believe that the power spectral density P(W) i s one of the

most useful. Figure 3 shows that P(W) may be described approximately as

P(W) = A 1 where the cut-off spatial frequency W . is of the

order of lmm. A truly random surface would be expected to have a spectrum of

the form

P(W) - A 2 (Sayles and Thomas 1978).

Consequently the crack surfaces appear to be substantially random for

wavelengths<<lmm whereas the geometry of the block and the loading conditions

discourage the occurrence of wavelengths >>lmm. I t is worth noting that the

linear str iat ion structure which i s typical of fatigue crack surfaces is too

small to detect with a profilometer. The striation spacing varied from about

0.05 ym for Ak " 20 to 1.3 ym for Ak = 6O and could only be observed using an

electron microscope. The random variations in surface profile in the range

5 ym to 500 ym presumably arise from the random orientation of the grains and the

distribution of micro voids in the material.

CRACK CORNER ECHOES WITH NO APPLIED LOAD

Measurements of the corner echoes were made using 45°, 60 and 70

shear wave angle probes in pulse-echo. In addition a 6O shear wave and a

normal compression probe were used together in a Delta-Scan arrangement.

These t e s t s enabled the amplitudes of the corner echoes to be compared with

those of a smooth machined corner. Figure 4 shows the echoes obtained with a

45° probe; there i s a steady decrease in echo amplitude with increasing Ak, but

l i t t l e or no dependence on crack length . Similar effects occurred with the other

probe angles s tudied. This Ak dependence i s believed to a r i se from the

increase in roughness (Sescribed above, the longer wavelength components of

the roughness being most significant in causing diffuse scattering.

CRACK CORNER ECHOES WDER COMPRESSIVE STRESS

Compressive stresses were applied perpendicular to the crack faces by

loading the blocks along their axis, and the corners echoes monitored on a

chart recorder as the load increased. Although a small increase in signal

sometimes occurred at low loads, a monotonic decrease in signal always

occurred at higher loads. Figure 5 shows the maximum decreases in echo

amplitude for the 45 probe which occurred when the mean stress was increased

_2
to 160 MNm . Whereas decreases of about 20 dB occurred for cracks of low

Ak, the response of the crack of maximum Ak only decreased by 3dB. Similar

changes occurred for all the other probe angles studied and in each case

the cracks in stress-relieved welds behaved in a way similar to the cracks

in mild steel. However the crack in non stress-relieved weld metal (which had

an anomalously high roughness) showed only small changes with loading.

THE RELATIONSHIP BETWEEN THE REFLECTION COEFFICIENT AND THE STIFFNESS OF
AN INTERFACE ' "

To explain the dependence of the reflection coefficient on the roughness

of the crack surfaces we must consider the mechanism by which sound is

transmitted through a compressed crack. Kendall and Tabor (1971) have shown

that in the case of compression waves at normal incidence the reflection

coefficient may be expressed in terms of an effective "stiffness" of the

interface. The reflection coefficient, R, may be written thus:

R - a/S

where the constant, a, depends on the bulk mechanical properties of the solid

and the ultrasonic frequency. The stiffness, S, depends on the roughness of



the surfaces and the stress applied. In practice, both elastic and plastic

deformation of the surface asperities will occur, but Greenwood (1967) argues

that the change in stiffness will be relatively insensitive to the particular

mode of deformation. Experimental results for ground blocks suggest that the

stiffness is roughly proportional to the square root of the applied stress, a,

hwrite S = g

Then R = 1 A, b are constants.

-y/1 + ° /b 2

Figure 6 shows the ref lect ion and transmission coefficients p lo t ted as a function

of a normalised s t ress o/b^. Measurements of the ref lect ion of compression

and shear waves from the fatigue cracks a t normal incidence agree well with these

theore t ica l curves, the resu l t s for shear waves being shown in Figure 7.

As ye t , no theory i s avai lable for angled shear waves but the experimental

resu l t s are c lear ly of different form. However by assuming a s t i f fness of

the form S = ka where k, n are empirical constants, reasonable agreement with

experimental r e su l t s may be obtained. Figure 8 shows the experimental resu l t s

for the Delta-Scan arrangement together with the semi-empirical curve for n = 1.5.

In general the value of n i s comparatively independent of probe angle but varies

from about 0.5 to 2.0 depending on the block used.

THE EFFECTS OF LIQUIDS ON THE ULTRASONIC REFLECTIVITY

There are many prac t ica l s i tua t ions in which fatigue crack may be par t ly

or t o t a l l ed f i l l e d with water or other l iquid . In such a s i tua t ion , if the

crack separation i s very much less than a wavelength, theory predicts tha t
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at normal incidence almost perfect transmission of compression waves will

occur. But this is not generally the case for angled beams or for shear

waves. Our calculations show that when the thickness of a liquid-filled

parallel-sided gap becomes less than about a tenth of a wavelength, tne reflection

of shear waves decreases for angles of incidence greater than the critical angle

of 33 . However there is an increase in reflection for angles less than the

critical angle as the gap thickness tends to zero. As an example, Figure 9

shows the calculated reflection and transmission coefficients for a zero thickness

fluid gap.

To investigate this experimentally, the cracks were put in tension by

applying small loads in three point bend and then sprayed with a penetrating fluid.

Measurements of the corner echoes were made with the blocks under zero load

and for compressive stresses up to 16O JWm . Figure 10 shows the results for

three cracks, compared with those for the dry cracks when tested with a 70°

probe. Under high stress, all cracks showed an increase in reflection of about

5 dB when wet. This is in agreement with the theory which predicts an increase

of about 3 dB for a thin liquid-filled gap compared with a similar dry gap. At

45 the reflectivity of the wet cracks was always less than when dry, the

difference being up to 8 dB at high stress. This trend is in agreement with

the theory which predicts that the reflectivity tends to zero when the gap

thickness becomes much less than a wavelength. The 60° probe recorded relatively

large decreases in all cases whereas the theory predicts an increase. The

discrepancy may be associated with the rapid variations in reflection coefficient

with angle and the strong mode conversions which occur for angles of incidence

close to 33 . The effect of introducing the liquid seems to be relatively

insensitive to the roughness of the crack faces.
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CONCLUSIONS

X. The growth conditions of fatigue cracks have a significant effect on

their ultrasonic response, both at zero load and when under compressive

stress. Variations in the roughness of the fatigue crack surfaces which

correlate well with the stress intensity factor, 6k, during crack growth

are believed to cause the changes in ultrasonic response.

2. Both increasing crack roughness and increasing compressive stresses

reduce the reflected signal from cracks. During an inspection, this

will lead to undersizing if echo amplitude comparison techniques like

DGS are used. However the effects of roughness and compressive

stress are not cumulative and the roughest cracks show little variation

with stress.
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3. Introducing liquid into a tight crack may cause an increase or decrease

in reflection depending on the angle of the ultrasonic beam.

REFERENCES

Greenwood, J. A. 1967

The area of contact between rough surfaces and flats. Trans, of the

ASME Jnl of Lubric. Technol. Jan.67.

Kendall, K. Tabor, D. 1971.

An ultrasonic study of the area of contact between stationary and sliding

surfaces.

Proc. Roy. Soc. Lond. A. 323 321-340.

350

SIDE GROOVES
S mm RAOIUS./K

FATIGUE CRACK. mm DIMENSIONS.

FIO. 1 INITIAL FATIGUE CRACK SPECIMEN.



202

A . D . + CRACKS IN MUD SIEEL ENM.
© CRACK IN WELD MEUL.INOT STRESS

REUEVEO.)

0 20 to 60 Ale MNm-Jij

' FIG.2 STRESS INTENSITY FACTOR flk VERSUS CRACK ROUGHNESS.

20

1.00

s

•01-

-001

RMS. ROUGHNESS

fta VAIUE

100 mm !0mm

StYttlS TIP RAOIUS JSpm

WAVELENGTH KOfirtl

t FREOUENCV CYClt- PERmm 10 too

Pl f i .3 POWER SPECTRUM OF FATIGUE CRACK SURFACE F.



SIGNAL
AMPLITUOE

d8

40"

3S-

CORNER
ECHO

3L0C
E,0,

J,

K N°S
B
I
F
0
C
K
L

CRACK DEPTH

+
n
A
O

•
.a .

5 mm
10 mm
IS mm
4 mm
4 mm
Smm

12 mm

r

MATERIAL
EN3B MIUO STEEL
EN33 MUD S7EEL
EN3B MILD STEEL
WELD METAL (ASWELDEO)
WELD METAL (AFTER STRESS
WEL0 METAL I RELIEF)
WEID METAL [STRESS RELIEF

J BEFORE CRACK
GROWTH.

0 20 40 SO Ak MNm~' ' l

FIG.4 CORNER ECHOES AT ZERO LOA& VERSUS Ak: t6° PROBE,

203

DECREASE
IN SIGNAL
AMPL1IUD6

dS

20

CRACK DEPTH MATERIAL
+ Smm MILO STEEL
D 10mm MILD STEEL
A 15mm MILO STEEL
O 4mm WELD METAl l j & ! ?

• Smm WELD METAL l

• KmmWELD

0 20 10 CO Ak M

FIG.S REDUCTIONS IN CORNER ECHb AMPLITUDES FOR
A STRESS OF ISO M N m ~ ' : 4 5 ° PROBE.



TRANSMISSION OR
REFLECTION

<IB COEFFICIENT.

S « 204
0 -

- 3 -

-6 "

- 9 -

12 "

10-

•8-

•6 -

•4

•I-

0 L

TRANSMISSION

REFLECTION

2 3 4 S 6 7 8 ' 9

NORMALISE!) STRESS V

FIQ.6 THEORETICAL REFLECTION AND TRANSMISSION COEFFICIENTS

FOR NORMAL COMPRESSION WAVES-

10

SLOCK E 2-2S MHz NORMAL SHEAR WAVES-

X EXPERIMENTAL POINTS

THEORY:

FIG.7 REFLECTION OF 2.75 MHz SHgAR WAVES-

10

t
STRESS (MNm"

8L0CK L - A SCAN ARRANGEMENT
THEORY S = K <t'n

X EXPERIMENTAL POINTS

FIG-8 A SCAN USING t, MHz SHEAR WAVES INCIDENT AT 30"

10 7 D J .
250rf(MNm"JJ

COMPRESSIVE
STRESS ••

REFLECTED
ANO

TRANSMITTED
FLUX. "

20 70 80 9030 10 50 60

ANGLE OF INCIDENT SHEAR WAVES.

FIG-9 REFLECTION OF SHEAR WAVES AT A ZERO THICKNESS FLUID GAP IN STEEL



205

SIGNAL
5 0 - . AMPLITUDE

- J L CORNER
ECHO-

3S-

30-

20-

15

ON SITE THROUGH SHELL RADIOGRAPHY

m. J. TROMP
B. V. Neratoom, The Hague
Netherlands

CRACK

NO LOAO

160 M N m " 1

COMPRESSIYE
STRESS.

a

DRY
CRACK.

•

LIOUIO
IN CRACK

A

•
GROWTH
CONDITION

20 M N m "

FIG 10 THE EFFECT OF LIQUID IN CRACKS WHEN UNLOADED
AND UNDER COMPRESSION : 70° PROBE.

Introduction

A preprodcution IHX for the SNR 300 was tested at

full scale in the TNO-CTI 50 MW sodium component

test facility. After some preliminary tests and

after conducting a complete test program there was

a demand for internal inspection that would not

involve cutting operations.

The answer to this problem was through shell

radiography. Radiography is of course a well known

technique, however, in this case the results were

much better than what was expected. Therefore this

type of non destructive testing warrants some

explanation.

On site examination

The testobject in this case is an austenitic

sodium/sodium intermediate heat exchanger.

The heat exchanger is a floating head design with

a central downcomer. The secundary sodium flows

through the tubing, the primary sodium flow is on

the shell side. The main dimensions are:
>
o
N>
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