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SUMMARY

A series of fatigue cracks in mild steel parent metal and weld metal
grown under constant stress intensity conditions have gﬁen examined
ultrasonically for compressive stresses up to 150 MN m . Various angles of
shear waves and the Delta technique were employed to study the corner echoes.
Reductions in reflectivity at zero load and under stress have been shown to
correlate with the crack growth conditions and with the roughness of the
crack faces. We also measured the ultrasonic echoes from the crack tips which
are small even at zero load and become undetectable for small compressive
stresses. The detectability with shear waves of cracks containing liquid
has been measured and compared with theoretical predictions derived from a
thin parallel-sided gap model.

CONCLUSIONS

1. The growth conditions of fatigue cracks have a significant effect
on their ultrasonic response, both at zero load and when under conpressive
stress. The cyclic change in stress intensity factor during crack
growth correlates well with the roughness of the fatigue crack surfaces
and this is believed to cause the changes in ultrasonic response.

2. Both iﬂcreasing crack roughness and increasing compressive stresses
reduce the specular reflection from cracks but the roughest cracks show
the least variation with stress.

3. Crack tip echoes are small; typically they are 50 dB down on a back
wall echo at the same range when using a compression wave probe at grazing
incidence, and they are practically impossible to identify reliably if the
cracks are in compression or if the material contains other defects such
as inclusions.
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The errors in sizing cracks in clean material by detecting the tip
echoes are typically - 1 mm if averaged for several probes. Individual
readings, however, may be in error by several millimetres.

The presence of liquid in a crack causes a marginal increase in
reflection for shear wave beams incident at 20° to the crack normal.
Modest decreases in reflection occur for beams incident at 450, while
considerable decreases are likely at 30  incidence.
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INTRODUCTION

The ability of ultrasonic techniques to detect cracks 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. Measurements of transmission and diffuse
backscattering were also made on a fatigue crack grown at constant load. In
each case it was found that whereas the transmission approaches unity at high
load, the specular reflection may still be detected readily. This report
concentrates on the corner echoes and crack tip echoes from surface-breaking
fatigue cracks grown at constant stress intensity factor. 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 reflection of ultrasound from cracks depends on many factors. Those
relating to the crack itself include its size and shape, the morphology of
the crack surfaces, the nature of the material between the crack faces and
the net stress acting on these faces. Important parameters of the ultrasonic
probe include the ultrasonic frequency and the angle of incidence and size of
the beam at the crack. ‘ -

The experiments described in this report were designed primarily to study
the effects of compressive stress, but in order to obtain results of general
applicability it was necessary to incorporate studies of several of the -
important factors listed above. Particular attention was paid to the crack
growth conditions since these affect not only the size and shape of the crack,
but also the morphology of the surface and the residual stresses acting on
the crack (Elber 1970, 1971). Faced with these inter-related experimental
variables, a wide range of measurements were necessary in order to distinguish
the various effects. In this way we have obtained quantitative estimates of
these effects which will be useful to those designing ultrasonic inspections.
We believe that it also increases our understanding of the interaction
of ultrasound with real defects.

Most of the fatigue cracks were grown by three-point bending of bright
finished mild steel (EN3B) bars as described in Section 2. In addition,
cracks were grown in similar specimens containing high quality manual metal-
arc welds, both in the as-welded condition and after stress relief. The
amplitude of the cyclic loading applied during crack growth was continuously
adjusted as the crack extended to maintain a constant change in stress
intensity factor at the crack tip. The aim was to produce a crack of uniform
roughness throughout its length and the results of destructive examination
indicate that this had been achieved. It was also hoped that residual crack
closure stresses (Elber 1971) would be evenly distributed over the length of

the crack. During constant-load crack growth, such stresses are concentrated ~

near the crack tip.

When crack growth had been completed, the starter notches were machined
away to obtain surface-breaking fatigue cracks. All machining operations
were done dry, and care was taken to prevent subsequent entry of liguid into
the cracks. Sections 3 to 6 of the report describe the measurements
carried out on these dry cracks. The ultrasonic measurements obtained with
no external stress on the cracks are described in Section 3, while the next
section outlines the changes in echo amplitude which occurred when the

-1 -
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cracks were compressed. Although echoes from the crack tips are weak, they
have been measured under zero load and under compressive and tensile loads
as described in Section 5. The next section describes the effects of weld
metal on the crack response and the changes caused by stress relief of the
welds. Since surface-breaking defects often contain water or oil,

Section 7 describes a number of measurements which were repeated after
liquid had socaked into the cracks. :

In Section 8 our understanding of the interaction of angled beams with
cracks is summarised and the significance of these results to inspection
problems is discussed. The appendices describe two theoretical models for
thin planar cracks. The first concerns resonant interference effects which
may be significant for liquid filled cracks while the second considers the
increase in real area of contact which occurs when a crack is loaded.

- 2. THE FATIGUE CRACKS

2.1 Production of the Fatigue Cracks

Of all the cracks which occur in metals, fatigue cracks are probably
the easiest to reproduce under controlled conditions in the laboratory.
Although it is difficult to predict initiation times for fatigue cracks,
the mechanisms of subsequent crack growth have been extensively studied,
(e.g. Schijve 1979) and are comparatively well understood. Consequently
when planning the experiments we were able to choose a design of test
block and specify the crack growth conditions so that the shape, orien-
tation and roughness of the resultant cracks could be controlled and
reproducible. Figure l(a) shows the dimensions of the initial specimens
which were cyclically loaded in three~point bend so that fatigue cracks
grew from the V-grooves. Cylindrical side grooves parallel to the
direction of growth were used to restrain the cracks to the vertical
plane and also to reduce the tendency of the cracks to grow with a
convex leading edge.

It is well known that the changes in the cyclic stresses applied to
the crack tip influence the nature of the crack surfaces, and in
particular, sudden changes in load amplitude can Create beachmarks
(Stewart 1978). Constant-load fatiquing is often used to grow cracks
in t@e laboratory and often occurs in service, but this leads to a
continuous gradation in surface roughness as the crack propagates. A

fatfgue crack growth has been noted by Wooldridge (1979) and Manning
(19;?). Consequently we decided to reduce the cyclic load amplitude
cont1nu9usly during crack growth so as to maintain constant the

change in stress intensity factor, AR, at the crack tip. The
freq?e§cy of cycling was not thought likely to influence the morpholog
significantly; a rate of 8 Hz was generally used. To monitor the Y

:?ai; i:;remznts SO that AK remained const§? within - 2% Three values
& chosen in the range 20-60 MN m~ and 4 ils
: etails

. growth conditions are listed in Figure 2(a). OF the Crack
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In the case of block J, §37§achmark was dgﬁ}gerately introduced by

increasing AK from 20.7 MN m to 37.2 MN m for ten cycles.
Following thig averload, crack growth was continued with a constant AK
of 20.7 MN m~ / . The ratio of minimum to maximum stress (R factor)

was between 0.03 and 0.32.
The equation of Paris for fatigue crack growth is:-

da = C (AK)n where da/dn is the growth rate per cycle,
’ dn and C, n are constants.

A logarithmic transformation of this equation gives a straight line of
slope n. This prediction has been tested in Figure 2(b) which plots
the number of cycles per mm of crack growth versus AR for cracks grown
in this programme, and shows that the Paris expression is a good
approximation over a wide range of growth rates.

Six of the cracks were grown in EN3B mild steel, whose metallurgical
properties are listed in Figure 3(a), but three were in blocks of the
same dimensions containing a mild steel manual metal-arc weld. After
the crack growth, the V-shaped starter notches were machined away and
the top and bottom surfaces ground flat and parallel to facilitate
ultrasonic examination of the resultant surface-breaking cracks. As
shown in Figure 1l(b), the blocks were also reduced to a length of 20C mm
to enable them to be compressed in the Denison hydraulic machine. In
some cases, crack growth was continued after the machining, the final
cracks being approximately 5, 10 or 15 mm deep.

$

The weld specimens showed a higher growth rate than equivalent
cracks in mild steel. This is discussed more fully in Section 6.
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2.2 . Destructive Examination
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When all the ultrasonic measurements had been completed, some of
the blocks were split open to reveal the fatigue cracks. A typical crack
surface, that of crack F, is shown in Figure 3(b). The surface is
macroscopically very flat, lies in a plane perpendicular to the testing
surfaces and the crack is slightly deeper at the edges than at the
centre, Fatigue cracks would normally be deepest at the centre, but
the side grooves at the edges of the block have slightly over-compensated
resulting in a concave profile. However, over the central region
used for ultrasonic measurements, the crack tips were all straight
within 0.5 mm. The crack tip profiles of all the cracks examined were
very similar although the surface roughness varied considerably.

~
3
57

A
!
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There are various ways of describing the statistical properties
of rough surfaces; frequently the Roughness Average, Ra, is used to
describe the variations normal to the surface as described in BS 1134
while the correlation length is used for variations in the plane of
the surface. However since both these parameters depend on the
sampling length, George (1979) has suggested the use of the power
spectral density function which contains more information and is
independe?t of sampling length, 1 , for all wavelengths shorter *han
lo' ?tudles of the topography of fatigue cracks in a variety of
materials by Manning (1979) have shown that the spectral density
P(W), may be described approximately by:-~ ’ '

[




[

o

R |

..d

'P(w) = A equation 1
W where W = angular spatial frequency

A = constant

for W > WOW .: W_._ represents a long wavelength cut~off which depends
on the geometr?lgndm%ﬁe macroscopic stress conditions in the fatigue
¢rack specimen. The short wavelength cut-off Wﬁax is determined by

the diameter of the stylus used to measure the surface topography.
Measurements on the cracks used for our work yielded similar power
spectra as indicated in Figure 4(b) for block F.

If the power spectrum satisfies equation 1 we can show that the
measured root mean square roughness, ers satisfies the following
relationship:- !

® 12 = a 1 - 1
rms Jzw | W W
min max

A ax W;nin
v T W_.
min

The relationship between ers and R_ values depends on the statistics
of the surface but if we aSsume that the roughness is random and the
distribution of the surface heights is Gaussian then:-

Ra = WT erS

2
and hence (R ) A [2 . 1
a x ™ T

Wmin

Consequently we believe that in spite of the limited information
contained in the R_ value, it is a good indication of the surface
condition of the fgtigue cracks for all spatial frequencies between
W . and W .
min max
Measurement of the roughness (Ra value) was carried out using a
Surtronic 2 profile meter taking scans parallel to the crack tip at various
depths. The stylus radius was 2.5um and the cut-off length 2.5 mm. As
intended, for all the cracks grown at constant K the roughness did not
vary with depth. Figure 2(a) includes the measured mean Ra values for
those blocks which have been examined. There is a steady increase in the
mean Ra value with increasing AK for the cracks in parent metal as shown
in Figure 4(a). The straight line OP has been fitted to the results
obtained so far. _%}Ehough we produced no cracks with stress intensities
less than 20 MN m + Manning (1979) has measured low AK cracks with Ra
values down to about 5 Um and his measurements for such cracks agree
reasonably well with the line OP. Figure 4(a) shows that the weld
specimen G which had not been stress relieved ig anomalously rough; its
roughness beigg/iquivalent to that of a crack in parent metal grown at a
AK of 50 MN m + Most of the ultrasonic results are plotted as a function
of AK during crack growth, but Figure 4(a) may be used to relate these

to the Ra value of the cracks.




It is instructive to consider the variocus mechanisms whicgzare
associated with the topography of these fatigue cracks. The W
dependence of the power spectra is similar to that of grit-blasted
surfaces which suggests that the processes determining the macroscopic
roughness ( xlum) are essentially random. On the other hand, the
microscopic roughness ( Slum) as observed under the scanning electron
microscope shows a pronounced linear striation structure, each
striation being associated with a particular fatigue cycle. From
the measured crack growth rates, the striation spacing is expected
to vary from about 0.05 jm for AK = 20 to 1.3um for AK = 62. These
values are in reasonable agreement with those predicted by the
equation of Paris if we use the commonly accepted values of the
constants C and n so that the growth rate per fatigue cycle is given
by:-

da = 10 ur? S.I. units

an

The individual striations, whose spacing is directly related to AK,
are too small to be measured with the profilometer. The reasons for the
AK dependence of the macroscopic roughness are not well understood, but
we may speculate that it is associated with the size of the reversed
plastic zone around the crack tip. In this region irreversible
deformation processes are most severe; in particular the movement of
dislocations leads to work hardening while at higher stress intensities

- the coalescence of microvoids associated with dislocations or
inclusions may cause micraocracks. The radius of the reversed plane
strain plastic zone rp is given by:-

. "z = (AK)2

where O is the yield stress (Knott 1973)
P S (29,) Y

2

If oy = 370 MN m-z, r varies from 39 im for AK = 20 to .37 mm for

AK = 62 and these dimeRsions are similar in scale to the roughness
revealed by the surface power spectra. At the higher stress
intensities, monotonic failure modes such as microvoid coalescence :
and cleavage fracture may also occur. This is likely to be particularly
important in the case of our specimens of EN3B since hardness testing
indicated that they had a high yield stress and hence a relatively

low fracture toughness. )

The roughness of cracks which have grown by monotonic modes is
likely to be controlled by the maximum stress intensity, K , rather
than AK. However since our cracks were grown with low R-vaiﬁes, X
is similar to AK and it is difficult to distinguish between these “oX
two cases. Whether crack growth is dominated by striation formation
or monotonic failure modes, the random nature of the macroscopic
roughness presumably arises from the randoem orientation of both the
grains and the distribution of microvoids in the material.

ULTRASONIC REFLECTIONS FROM THE CRACK CORNERS WITH NO APPLIED LOAD

Fatigue growth involves plastic deformation of the material ahead of
the propagating crack tip which can result in a residual compressive stress
on the crack faces (Elber 1970, 1971). These crack closure stresses may
R affgct the ultrasonic response. Since these intrinsic stresses may be
{g modified by externally applied tensile or compressive loads, all the
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cracks were tested ultrasonically both before and after the main experiments
on the effects of external lcad were carried out. This comparison revealed
that no significant changes greater than - 1 dB had occurred.

Measurements of the corner echoes were made using 4g°, 60O and 70o
shear wave angle probes in pulse-echo. In addition a 60 shear wave and a
normal compression probe were used together in a Delta-Scan arrangement.
Certain measurements were also made using a surface-wave probe on the
crack-breaking surface. Figure 5(a) lists the important probe parameters
while 5(b) shows the various arrangements on the blocks. A Baugh and
Weedon PAlO20 flaw detector, whose proportional output had been calibrated,
was used for all the readings. The potential drop arrangement shown in
Figure 5(b) was only used while the blocks were under compression.

Before considering the relative amplitudes of the corner echoes of the
various cracks, it is instructive to study the variations in echo amplitude
obtained by scanning various probes over the blocks. Figure 6 shogs the
amplitudes of the corner echoes for block F (15 mm crack) usigg 457, 60 and
70" probes as their beams are scanned over the crack. The 45 probe gives
a strong echo only when the beam intersects the corner between the crack and
the surface. The 70° probe gives a very broad response. This is partly be-
cause of the increased beamwidth and partly because at this angle of incidence
the crack face gives a diffusely scattered echo. The pulse echo response of
the 60° probe is different from either 45° or 70o probes in that the maximum
echo is not obtained when the beam axis intersects the corner. Rather a
strong conversion to compression waves occurs at the vertical crack, these
travel downwards and are reflected at the bottom surface. As they travel up-~
wards, some are re-converted to shear waves at the crack according to the
Reciprocity Theorem and return along their criginal path back to the probe.
The true corner echo for the 60° probe is considerably smaller and gives riss
to the tail of the echodynamic trace. For subsequent tests, the 60 probe was
positioned to maximise the height of the "corner" echo. The variety of mode
conversions which can occur with angled beams of shear waves is demonstrated
by the Schlieren visualisation system of Baborovsky et al (1975). In
particular, much of the energy converted to compression waves reaches the
upper surface where it may readily be detected using a compression: wave
probe; this is the basis of the Delta-Scan arrangement.

The corner echoes obtained using the 45° probe are plotted in Figure 7(a)
against the 4K values for each crack. As a calibraticn, the echo from a
smooth 90~ corner at the same range is also shown. The readings for cracks of
high AK were very sensitive to the position and squint of the probe and this
is reflected in the error bars. There is a steady decrease in echo amplitude
with increasing AK, but little or no dependence on crack length. The AR
dependence is believed to be caused by the increase in roughness (see Figure 4)
and by the tendency for tiny cracks to propagate away from the plane of maxi-
mum stress as AK increases (Wooldridge 1979). Figure 7(a) shows Clearly
that the response of crack G grown in weld metal is about 10 dB less than one
would predict from the AKX value. This effect also occurred with 60° and 70°
probes and is believed to be caused by the increased roughness of the weld
crack and by residual compressive stresses in the weld. This is discussed more
fully in Section 6.

. o '
Figures 7(b) and 7(c) for 60° and 70° probes respectively show the same
?oughness dependence as in the case of the 45 probe, and although the scatter
in the resglts is larger, there is no obvious dependence on crack length. 1n
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particular, the 5 mm crack for which AKX was 37 MN m—2 produced an
unusually large echo. These readings were repeated after the blocks
had been compressed a number of times as described in Section 4. This
produced no change in .the 45o readings and only small changes in the
60  and 70 readings Since the compression cycles are expected to
have relieved any crack closure stresses, it appears that these stresses
do not have a significant effect on the coxner response of cracks, at
least for surface-~breaking cracks exceeding 4 mm in depth. Certain
measurements were also made by loading the blocks in three~point bend
to apply a small tensile stress to the crack faces. The corner echo
amplitudes did not change thus providing further support for the above
conclusion. .

Results for the Delta-Scan measurements are as shown in Figure 7(d).
The signal amplitudes obtained are comparable with that of a 45 pulse-
echo probe, but the dependence on AK is rather less pronounced. These
measurements were taken after the compression cycles, but in view of
the above'discussion, this is not thought likely to affect their
validity.

THE EFFECTS OF COMPRESSIVE STRESS ON THE ULTRASONIC CORNER REFLECTIONS

Compressive stresses were applied perpendicular to the crack faces by
loading the blocks along their long axis using a Denison hydraulic machine.
Once the probe was fixed in position and the corner echo maximised, the load
was increased steadily. A chart recorder monitored the signal amplitude and
the applied load simultaneously. The flaw detector monitor gate had a limited
dynamic range so it was necessary to change the gain setting at 8 4B
intervals using the previously calibrated attenuator.

The first time each crack was compressed, the echo response during the
loading cycle was considerably higher than thag during the unloading cycle.
As a typical example, Figure 8(a) shows the 45 shear wave response ng the
first loading cgale of block I up to a compressive stress of 150 MN m
( 10.0 tons in ) and back to zero. Subsequent loading and unloading
responses were very similar to the first unloading cycle as seen in Figure 8(b).
These results are consistent with localised plastic deformation of the crack
surfaces occurring during the first compression. One expects elastic deform-
ation to predominate for later cycles. Subsequent destructive examination of
the cracks revealed a number of small areas where plastic deformation of the
surfaces appeared to have occurred.

For each block6 theocorner Lesponse oyer one or more compressive cycles
was recorded for 457, 60  and 70  and for the Delta-scan arrangement. Measure-—
ments were also made on some blocks using surface wave probes. Whereas, many
Probe and crack combinations showed a monotonic decrease in signal with
increasing stress, a significant number showed a small increase at low stresses
as seen in Figures 8(a), (b] and 9(a)l. A similar effect has already been
reported for diffuse back-scattering from the crack tip region (Wooldridge 1979).
We believe that this is caused by complex variations in the reflection and
mode conversion processes occurring at the crack as the faces mate together.
These may be further complicated by a non-uniform stress distribution on
the crack face. To aid the interpretation of the ultrasonic responses a d.c.
potential drop system was set up as shown in Figure 5(b). A stabilised
current of 60 amps was passed through the blocks and electrodes measured the
potential difference developed across the crack. Recordings of ultrasonic
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signals and potential drop (p.d) readings were taken simultaneously as the
load varied. In all cases the potential drop decreases steadily even when
there is a pronounced peak in the ultrasonic response, as shown in Figure
9(a) for the 70° probe. This implies that the initial rise in the ultrasonic
signal with applied stress is not due to a slight opening of the crack

faces, before they begin to be pressed together.

The 45° probe response (Figure 9(b) ) did not decrease significantly
until a mean stress of 70 MN m ~ was applied, and this is also the stress
at which the surface wave echo begins to decrease rapidly. Both probes will
be most sensitive to the stresses close to the open end of the cgack, so it
appears that the crack is not fully closed at low loads. The 60 probe and
Delta~scan measurements are most sensitive to the stresses on the central
part of the crack, ag discussed in Section 3,oand both decrease steadily for
loads above 10 MN m éFigure g(c) ). The 70  probe response is intermediate
between that of the 45 and 60 probes and the echo amplitude is probably
determined by the stress over a considerable area of the crack near the open
end. :

The rate at which the ultrasonic responses decrease for small applied
loads depends on the crack length. All the probe responses for Block E,
which has a 5 mm crack, decreased steadily with load, whereas 10 mm and 15 mm -
cracks (J and F) exhibited temporary increases at low load. However, for
higher stresses there was little dependence on the length of crack. This
suggests either that significant non~uniform stress distributions are set
up on the deeper cracks for small loads, or that interference effects
caused by mode conversions are more important for deep cracks.

Thé position and orientation of the blocks between the platens of the
machine also had an effect. The top platen is forced down by two hydraulic

_ pPistons and if the block is not placed in the centre there is a tendency for

the platen to tilt slightly resulting in a non-uniform stress on the block.
Most tests were carried out with the blocks aligned centrally; but comparative
tests showed that by placing a block slightly off-centre, with the crack
facing towards the centre of the Denison, larger decreases in signal were
obtained, particularly at low load. Figures 10(a), (b), and (c) show the
effect of off-centre loading for block L, the crack in weld metal. It is
significant EBat the mean slopes of all three curves are very similar (about
0.1l6 dB/MN m ~). When the block was aligned centrally, the 60° pulse~echo

and Delta-scan signals showed the biggest changes with stress while the 45°
signal decreased least. We believe this is caused by a non-uniform stress
distribution such that the stresses at the mouth of the crack are significantly
less than those nearer the centre of the block

Let us consider now the effect of crack roughness on the ultrasonic
response when the cracks are compressed. The results described in Appendix A
indicate that significant transmission of shear wayves can only occur across an
air-filled crack if solid contact exists. The affect of increasing contact
area on the ultrasonic response is discussed in Appendix B. More complete
contact will be achieved with smooth cracks, and this explains why the low
AR cracks show the largest variations when compressed. FPigure 1l{a) shows
the maximum decreases in the corner echoes for 45° shear waves; these
maximum decreases are_achieved when the mean stress on the crack was increased
from zero to 160 MN m ~. This is plotted against AK for the various blocks.
Figures 1l(b), (c) and (d) show similar results for 600, 70" and Delta-scan
arrangements. There is a steady trend towards smaller changes as AX
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increases. The one exception is the point at AKX = 60.7 in the Delta-scan
arrangement. Anothexr general point is that, as one might expect, thexe

is no clear dependencg on crack depth. Theomaximum changes recorded for o
stresses of 160 MY m =~ were =18 dB for a 45 probe (block J), =32 dB, for &0
(block F), =20 dB for 70° (blocks F and J) and -25 dB for Delta-scan (blocks

F and E).

+ Typigal residual stresses in heat treated steel welds are within

- 60 MM m ©. The results for the weld crack, L, (Figures 1l0(a), (b) and (c) )
show that with the block slightly off-centre there is a decrease of about

10 dB at 60 MN m ° mean stress, and this is practically independent of the
probe angle. Under central loading, however, the recorded changes in echo
amplitude at these lower stresses show considerable variability, presumably
because of the non-uniform stresses set-up as the cracks close. The maximum
reductions in echo amplitude observed whgn the blocks were centrally loaded
to a mean compressive stress of 60 MN m ~ are listed below. The largest
changes always occurred for the blocks of lowest AK.

TABLE 1 MAXIMUM REDUCTIONS IN ECHO FOR UNIFORM STRESSES OF 60 MN qu

Probe Block No. dB decrease
at 60 MN m—zfmean stress

45° J 11.6
60° ‘ F | 21.6
70° E - 11.9
A-Scan E ‘ 14.8

These may be regarded as an upper limit to the changes in ultrasonic
response which may be caused by residual stresses in welds.

To enable comparisons to be made with early work on machine-ground

. surfaces, experiments were also carried out using compression and shear

waves at normal incidence to the cracks, but discussion of these results
has been included in Appendix B.

CRACK TIP ECHOES

5.1 Measurements Under Zero Lcad

Whereas amplitude techniques are used to size defects smaller than
the beamwidth, sizing of larger cracks is often carried out by detecting
signals from their opposite edges. To assess the applicability and
accuracy of this sizing technique for fatigue cracks, measurements were
made of the crack tip echoes for various angles of incidence. Several
probes were used and their results compared. Scanning was carried out
from both the crack-breaking surface and the opposite side; these are
referred to as the "near" side and "far" side respectiyely. The blocks
had all been subjected preyiously to compressiyve lcading cycles so we
were confident that any crack closure stresses set up in the material
around the crack tip would have been substantially relieyed by plastic
deformation. Instead of the Baugh and Weedon PAlQ20 flaw detector a
Krautkramer USM2 was used for these studies because of its higher
output voltage and increased receiver sensitivity.

-9 -
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5.2

Figure 12 shows the crack tip echoes recorded with the compression
probe at grazing incidence. A testing sensitivity of at least 50 4B
above the back wall echo lS necessary and there is no clear dependence
on AK. The results for 45° shear waves incident from the near side
are shown in Figure 13. For this angle the tip echoes are about 30 dB
below the back wall echo and the effect of crack depth is more significant
than the AK dependence.

To compensate for the decrease in probe sensitivity with depth, the
echoes from 1.5 mm diameter side-drilled cylindrical holes at various
depths were measured for each probe. Typical curves are shown in Figure
14. The crack tip echoes were then all related to the echo from a
cylindrical heole at the same depth. Flgures 15(a) and 15(b) compare
the results obtained with the 45° and 70° 5 MHZ probes when testing on
the far and near suxfaces respectlvely. In each case values below the
dotted line correspond to the 45 probe. Similarly, Figures 1l6(a) and
16 (b) compare the two 70° probes of 5 MHz and 10 MHz frequency.

Flgure 15(a) and (b) show that smaller signals are obtained with
the 45 probe than with the 70° probes. Also, for all the angle probes,
smaller signals are obtained when scanning on the far surface than on the
near surface. Coffey (1978) describes calculations by Wickham of the
echoes to be expected from a planar, semi-infinite Griffith crack whose
faces are just separated. Figure 17 compares the calculated amplitudes
with those measured on the fatigue cracks. The theoxy predicts the exper-
imental observation that with the probe on the far suxface, echoes are
smaller than when it is on the near surface. However, there is consider-
ably less difference in the experimental yalues from the two faces than
the theory predicts. This discrepancy probably occurs because the theory
is for a perfectly smooth crack having no fine structure in the region of
the crack tip. Por example, when testing from the far surface, the 70
probes gave signals much bigger than those predicted and these increased
signals may occur because micro-cracks on the fatigue crack surface cause
extra scattering. In contrast to the crack corner echoes, the tip
echoes show little dependence on the crack growth conditions. The
scatter in signals from cracks of the same roughness but yarying depth
is as large as that from cracks of the same depth but different roughness.
During fatigue growth a residual plastic zone is set up in the region
of the crack tip (Knott 1973) and the size of this zone depends on AK.

It has been suggested by Silk (1977) that crack tip echoes are determined
by plastic deformation around the crack tip but our results indicate

that the size of this plastic zone does not have a yery significant
effect on the crack tip echo.

The Effect of Stress

Following the investigations of the tip echoes under zero load,
their responses under compressiye and tensile loads were studied for
angled shear waves. BAxial loading was used for the compression tests
whereas a three point bend arrangement was used to put the cracks in
tension. On compression, the tip echoes decreased slowly but steadily
up to a stress of about 40 MN m r the maximum decrease being 3 dB. At
higher stresses, the echoes were indistinguishable from the background
noise. No change in amplltude occurred when the blocks were subjected
to a tensile load.

- 10 -
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5.3 The Effect of Liquid in the Cracks

All the results obtained so far were fxom clean, dry cracks. To
evaluate the effect on the tip echoes of liquid in the cracks, some of

the blocks were sprayed with a penetrating fluid, "Freeway", and left for
several hours for penetration to occur, in some cases the cracks were put

under a light tensile load to aid penetration. Only small changes of 1
to 2 dB occurred, which is within the experimental error. Consequently,
although we cannot be certain that fluid had penetrated fully to the
crack tip, it appears that the presence of liquid in a crack does not
appreciably affect the amplitude of the crack tip echoes.

5.4 Sizing Accuracy

The accuracy of measuring the depths of cracks using various probes
may be compared by reference to Figure 18. The ultrasonic measurements

of crack depth are compared with those measured optically during the crack

growth and with the direct measurements made after splitting open the

cracks. Although the mean ultrasonic and the optical measurements are in

reasonable agreement, there is considerable variation between the
individual ultrasonic measurements. In particular, the sizing of the
weld crack (Specimen G) was inaccurate when testing from the far
surface, probably because the echo from a small defect in the weld was
mistaken for the crack tip echo. From the results of Figure 18, and
taking into account the relative ease with which the crackotip echoes
may be identified, we conclude that for general use the 45  shear wave
or the compression probe are to be preferred. The exception is that
. for cracks at short range the 70O 10 MHEz probe gives the most reliable
results. Because of its low sensitivity, howeyer, this probe is not
suitable for locating crack tips which are more than 10 mm below the
testing surface. ‘

5.5 'Focussed Probes

Focussed probes offer the adyvantages of reduced beamwidths and in-
creased power density in the focal region. To assess these potential
benefits, some measurements were taken using focussed immersion probes.
The blocks were supported in the jig aboye a watex bath in such a way
that no water could enter the cracks. By rotating the block, shear wave
beams could be refracted at yarious angles in the steel. The separation
of the 5 MHz 100 mm focal length probé from the block was adjusted so
that the focal spot coincided with the position of the crack tip. To
provide a comparison, the measurements were repeated with an unfocussed
but otherwise identical probe. Figure 19 shows the crack tip echoes
for compression waves "end-on" and for 45 shear waves, the appropriate
reference echoes being the backwall and corner echoes respectively.

At grazing incidence there is some advantage in using focussed probes,
in particular the sxgnal to grass ratio is improved by up to 10 dB.
The results for 45° suggest that focussing is of little advantage, the
only improvement being a slight increase in sensitivity.

-

* WELD METAL .

The growth rate of fatigue cracks in high quality mild steel welds is
believed to be similar to that in the parent material (Maddox 1970). The
presence of residual welding stresses or tiny slag inclusions, however, are
likely to affect both the crack growth rates and the roughness of the crack
surfaces. To investigate this three specimens were prepared containing

- 11 - ' \




N N am)

N

- |

]

2
J

manual metal arc welds. The weld quality was checked using 10 MEz
compression waves and 5 MHz angled shear waves; no defects greater- than
an equivalent flatbottomed hole size of 0.5 mm were detected.

Two specimens, K and L, were stress relieved by baking at 650°C for 4
hours and then cooling slowly. The third block, G, was left in the as-
welded cogg}gion. When cracks were grown in these specimens at a AKX of
20,7 MN m , the growth rate was somewhat higher for block G than for
K and L, and all three grew faster than the cracks in EN3B parent makterial.
Figure 2(b) shows that the reciprocal crack growth rates for K and L vere
about 11,000 cycles/mm compared with about 20,000 cycles/mm for EN3B mild
steel.

Figures 7(a - d) show that the zero load echoes from K and L are yery
similar to those obtained from cracks in mild steel. Howeyer, the echoes
from block G are consistently smaller than those from K and L. Similarly,
when an external compressive stress was applied, the decrease in signal
for blocks X and L was c¢lose to that which occurred with cracks in parent
material, whereas block G showed very small changes under load. These
results suggest either that there is a residual compressive stress on
crack G or that the surfaces are rougher than one would expect f£rom its growth
conditions.

‘

After ultrasonic tests, block G was carefully stress-relived in an
argon atmosphere and the zero load gchoes rg—measured. There was a relatively
small increase of about 3 dB for 45 and 60 shear waves and a small decrease
for 70° as shown in Figure 7. A similar control experiment performed
with block E showed no detectable change in signal after stress relief. We
conclude that any residual stress in block G had only a small effect on
the corner echoes.

Finally block G was split open and measurement of the crack roughness
gave an Ra value varying between 10 and 50 uym. The rms roughness was 35 um
which is slightly higher than that of the cracks grown at a K of 37 in mild
steel. If the echoes from block G in Figures 7 (a - d) are re-plotted for an
effective X of about 40 to take account of the increased roughness, the
disparity appears. v

In conclusion, it appears that residual welding stresses in block G caused
the subsequent fatigue crack to be rougher than c¢racks in stress-relieved
welds or mild steel, and this in turn modified the ultrasonic response.
Cracks grown in stress-relieved welds are not significantly different from
those grown in parent material. '

THE EFFECTS OF LIQUID IN THE CRACXS

There are many practical situations in which fatigue cracks are likely
to be partly or totally filled with water oxr other liquid. 1In such a
situation, if the crack separation is very much less than a wayelength,
almost perfect transmission of compression waves may occur at normal
incidence. As discussed in Appendix A, howeyer, the behaviour of shear waves
is very different and with angled shear wayes, theory predicts results
which are, at first sight, rather surprising. When the separation of the
faces of a planar, liquid-filled crack becomes less than about a tenth
of a wavelength, the reflection of shear wayes decreases for angles of
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incidence greater than the critical angle of 33° whereas there is an o
increase in reflection for angles less than the critical angle. A 45
probe gives an angle of incidence of 45 on a vertical crack so a

decrease in reflectivity is expected with this probe when liquid is
introduced. On the other hand 60° and 70° give incident angles of 30° and
20o respectively, so an increase is predicted in both these cases.

" To investigate this experimentally, the cracks were put in tension by
applying small loads in three-point bend and then sprayed with Freeway
penetrating fluid; The acogstic %mgfdance of this particular liquid was
measured as 1.08 -~ 0.5 x 10° kg m"s ~, but theory predicts that the
reflection coefficients are sensitive to the impedance of the liquid and
will be similar to those for water. Measurements of the corner echoes
were made w{Eh the blogks under zerc load and for compressive stresses up
to 160 MN m ~. The 45 probe results (Figure 20(a) ) show an initial
decrease at zero load of about 3 dB and the high stress values are reduced
by rather more, particularly when the crack is smoothz The ideal%sed
model used in Appendix A predicts that the reflected signal at 45
incidence tends to zero for a very thin liquid gap, but the largest
change observed was -9 dB. This should be compared with the variation
caused by stress (up to 14 dB) or the effect of c¢crack roughness on the zero
load signal (about 10 4B).

The 70° probe results (Figure 20(¢) ) show only small changes at zexo
load but the high stress results are higher by up to 5 dB in the liquid-
filled case. (This is consistent with the results of Appendix A which
predict an increase of 3.3 dB for a thin wet gap compared with an air gap).
The 60° probe (Figure 20(b) ) gave larger variations. In particular,
block D showed an initial decrease of 16 dB, but the value at maximum stress
was 10 dB less than the air-filled case. Such a decrease is not consistent
with the theory of Appendix A, but 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 337,

To summarise these results, it seems that introdgcing liquid into the
cracks causes fairly small decreases in signal for 45  probes, either no
change or a sgall increase for 70  probes and significant decreases in
signal for 60 probes. The effect of introducing the liguid seems to be
insensitive to the roughness of the crack faces.

DISCUSSION

8.1 Mechanisms Affecting the Echo Amplitudes

It is convenient at this point to summarise our understanding of
the reflection of angled beams from cracks both at zero load and under
compression, and to list some of the supporting evidence.

The zero load "corner echoes" comprise a direct shear wave corner
echo which may be modified by interference with mode conversions
occurring at the crack face or the bottom surface. The effect of these
mode conversions is most pronounced for the 60° probes, less for 70°
and least for 45 (Lumb et al 1978). They gave rise to a complicated
variation of the echo amplitude with increasing defect depth which
has been reported by several authors. These effects have been
extensively studied by Baborovsky et al. (1975) and many of the observed
effects in the far field may be predicted using their computer model.
However, this semi-empirical model does not include the conversion of
grazing incidence compression waves to shear waves and cannot fully
represent the response of 60° probes.

- 13 -
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The echoes may be further modified by the presence of multiple
reflections set up in the gap between the crack faces. Appendix A
describes our studies of energy partitioning at a parallel-sided
fluid-filled gap which has been computed by summing the multiple
reflections occurring at the interfaces. Complicated changes in the
reflection coefficients are predicted which depend on the wave mode
and angle of incidence, gap thickness and wavelength. Nevertheless,
resonance effects are only likely to be significant for liquid-filled
cracks. In the case of an air-~filled gap, the separation at which
appreciable resonance occurs is about a millionth of a wavelength,
which is much smaller than the roughness of real surfaces. ‘

When a crack is compressed, the dominant effect is a steady
reduction in echo amplitude caused by the increase in actual area of
solid contact between the crack faces. However, there are two
processes in particular which may modify this response. Firstly, the
direct shear wave echo is not necessarily reduced at the same rate
as the various mode converted signals which interfere with it. Secondly,
the stress distribution on the crack faces may be non-uniform, either
because of local plastic deformation of the faces which occurred during
crack growth or because the external loading is slightly mis-aligned.
The experimental evidence suggests that for low stresses, the tip
region is usually under more stress than the open end. This means that
as far as the ultrasonic probe is concerned, the effectiye crack depth
is progressively reduced as the stress increases. Consequently, the
echoes show an oscillation similar to those observed for cracks ox
slots of varying depth.

Experimental evidence supporting these mechanisms is as follows:-

1. All the potential drop measurements indicated a steady decrease
in signal as the stress increased from zero (e.g. Figure 9(a] }.
This indicates that at least part of the crack closes even for very
low loads.

2. Changing the position of the blocks between the platens of
the hydraulic press affected the load at which significant signal
changes occurred. 1In particular if the crack was "pinched" by
positioning the block off~centre with the crack towards the centre
(Figure 10(c) ), the signal decreased more rapidly for the same load.

3. The responses of liquid-filled cracks under compression are yery
similar to those of similar dry cracks under the same loading
conditions. Peaks in the response occur for the same load. This
suggests that resonance effects are of minor importance even
for liquid-filled cracks and that they are not the main cause of
those peaks in the response which also occur for dry cracks.

Applicability of the Results

The experiments described in the preceding sections have confirmed
our original hypothesis that crack growth conditions have a very
pronounced effect on the response of cracks. The value of growing
cracks at constant AK has also been indicated. Although the ultrasonic
measurements were made on surface-breaking cracks, the results should
also be a guide to the sensitivity required of tandem and Delta-scan
techniques for detecting planar embedded defects. The pulse-echo
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8.3 The Effect of Residual Compressive Stress on F

8.4 The Importance of Stress Analysis to the Design of Ins

meésurements of crack tips are relevant to sizing any kind of fatigue

crack, whether embedded or surface-breaking. Our results have
indicated that the Ra value of cracks grown in EN3B mild steel increases

steadily with AK, but more information. about the roughness of fatigue
cracks in other mater

jals would be desirable. Manning (1979) has
measured Ra values for constant load fatigue cracks in carbon-manganese
pressure- vessel steel, stainless s

teel and mild steel weld metal.
Because of the continuous gradation in roughness along these cracks,
an exact comparison with our results is not posg le, but his results
which are for 4K values in the range 5~30 MN m are in reasonable
agreement with cur mean line OP in Figure 4(a).

racture Mechanics pPredictions

eport have shown that the size of

the ultrasonic echoes obtained from fatigue cracks depends strongly on
the net compressive stress. Engineering components may have regions
which although subject to tensile stress when operating, are in
compression under shut-down conditions. Such regions may be subject

to fatigue during operation but any cracking may be difficult to detect
when off-load and this must be taken into account when specifying the

inspection procedure.

The results described in this »

Wwhereas it is normally possible to calculate stresses caused by
changes in the operating conditions of plant, residual stresses,
particularly in welds and castings, are usually variable and laxrgely
unknown. Although residual compressive stresses will lead to defects
being undersized by ultrasonics, such stresses also reduce the likelihood
of fatigue crack growth. 1In this part of the discussion we consider
how this affects the validity of fracture mechanics predictions based

on the apparent size of defects.

If the crack tip echoes are detected and used to size a large
crack, compressive stresses may make this procedure very inaccurate,
if not impossible. However, if the crack is viewed near normal
incidence and is small enough for amplitude sizing techniques to be
used, the situation is much more encouraging. The error in sizing
the defect will cause the calculated stress intensity factor at the
crack tip to be an underestimate. However, because of this residual
stress, the peak tensile stress in service is less than that used to
predict the crack growth rate which is normally based on zero residual
stress. Consequently, the two effects oppose each other. 1In the one
case which has-been fully analysed using the apparent defect size and
assuming zero residual stress, we derived a higher predicted growth
rate than would be predicted using the true values for residual
stress and defect size. Consequently, in this case the fracture
mechanics predictions err on the safe side but we cannot necessarily

assume that this will always be txue.

pections

We have seen that both increasing crack roughness and increasing
ssive stress reduce the specular reflection from fatigue cracks.
Decreases of up to 10 dB may be caused by crack roughness while large
compressive stresses may cause decreases of up to 20 4B. Fortunately
the two effects are nct cumulative since the roughest cracks show
little variation with stress. It is particularly important in the
case of smooth, high-cycle fatigue cracks to detect the specularly

compre
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reflected signals by appropriate choice of the beam angle since the
diffuse scattering is weak. In some cases it may be possible to
compensate for the effects of misorientation and compressive stress
by increasing the test sensitivity. However, this approach will be
limited in practice by the number of insignificant inclusions which’
give ultrasonic echoes of similar amplitude. It then becomes
extremely difficult to distinguish cracks from other permissible
defects. If the most favourable beam angles and scanning directions
are to be chosen for in-service inspections, stress analysis studies-
must be carried out in advance to predict the likely orientations of
crack growth. Realistic estimates of crack growth rates (i.e.
roughness) and compressive stresses are also desirable if the
complexity and expense of inspections is to be kept within reasonable
limits. Excessively pessimistic estimates of these variables may
result in ultrasonic recording levels which are very expensive, if not
impossible, to achieve in practice.

9. CONCLUSIONS

1.

e i g e e o ——— PN

The growth conditions of fatigue cracks have a significant effect
on their ultrasonic response, both at zero load and when under .
compressive stress. The stress intensity factor, K, during crack
growth correlates well with the roughness of the fatigue crack
surfaces and this is believed to cause the changes in ultrasonic
response. '

Both increasing crack roughness and increasing compressive stresses
reduce the specular reflection from fatigue cracks. Decreases of
up to 10 4B may be caused by crack roughness while large compressive
stresses may cause decreases of up to 20 dB. However, the two effects
are not cumulative as the roughest cracks show little variation with
stress. To some extent it may be possible to compensate for these
effects by increasing the test sensitivity, but this will be limited
in practice by the number of insignificant inclusions which give
ultrason;c echoes similar in amplitude to those from cracks.

If echo amplitude comparison techniques like DGS are used, then
variations in compressive stress or crack roughness will lead to
appreciable sizing errors. The reduced response may also result in -
defects being missed entirely if an echo amplitude threshold is used
to define recordable defects. '

Crack tip echoes are small; typically they are 50 dB down on
a back wall echo at the same range when using a compression wave
probe at grazing incidence, and they are practically impossible to
identify if the cracks are in compression or if the material contains
other defects such as inclusions.

The errors in sizing cracks in clean material by detecting the tip
echoes are typically - 1 mm if averaged for several probes. Individual
readings, however, may be in error by several millimetres. When
testing\from the crack-breaking surface, the values of crack depth
are usually slightly less than those recorded when testing from the
opposite surface. ’

The presence of liquid in a crack causes a marginal increase in
reflection for shear wave beams incident at 20" to the crack normal.
Modest decreases in reflection occur for beams incident at 450, while
considerablg decreases are likely at 30° incidence.
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_ Although compressive residual stresses may lead to cracks being
undersized, fracture mechanics predictions of growth rates may
nevertheless be conservative because these stresses reduce the resultant
stress intensity at the crack tip.

RECOMMENDATIONS

1.

When designing inspections to detect high cycle fatigue cracks
the orientations of the ultrasonic beams relative to the likely
directions of crack growth should be such that the specularly
reflected waves are detected. Realistic estimates of crack growth
directions and compressive stresses during testing are necessary if
reliable and cost-effective inspections are to be achieved.

Sizing using crack tip echoes should only be relied upon if
the region of the crack tip is known to be unstressed or under

- tension. -

The ultrasonic responses and surface profiles of fatigue cracks
should be measured for a wide range of AK and R values so that the
dependence of the crack roughness on the growth ccnditions can be
firmly established. This should be repeated for several materials
with different values of yield stress using both parent plate and
weld metal.
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APPENDIX A

REFLECTION AND TRANSMISSION COEFFICIENTS FOR ULTRASONIC
WAVES AT A FLUID-FILLED THIN GAP IN A SOLID MEDIUM

If the two surfaces of a fluid-filled crack are not actually touching, we
may model them by two planar parallel interfaces separated by a fluid medium.
As shown in Figure Al, when shear waves are incident on the first interface
from the solid there will be, in general, reflected shear and compression wayves
and a transmitted compressicn wave in the fluid. Each time this compression
wave is reflected in the gap it gives rise to shear and compression waves in
the solid media. The reflection and transmission coefficients for a fluid gap
may be derived by summing the infinite series for each type of waye. For
example, the coefficient for incident shear waves reflected as shear wayes is

given by:~

Ry = Typ ¥ Ty Tyg by

{exp (-i.27p) - s er}

where the reflection and transmission coefficients depend on the angle of
incidence and are, in general, complex. (Born and Wolf 1975).

r;, = Reflection coefficient for shear waves at boundary 1-2.
Tyy = Reflection coefficient.for compression waves at boundary 2 *3.
t, = Transmission coefficient for incident shear waves in medium 1
converted to compression waves in medium 2.
t = Transmission coefficient for compression waves in medium 2
21 - ’
converted to shear waves in medium 1.
and p = 2t cos B where t = gap thickness.
A
A = wavelength of compression waves in fluid.
B = angle of refraction in fluid.

R_ has been evaluated using plane wave solutions for Lygt t or etc., which
are derived directly from the elastic waye equation (Brekhovskiké,196ol. Since
R_ may be complex, the Eesults have been plotted in terms of the xeflected flux,
, where FREF = (R )°. Figure A2 shows the reflected flux as a function of
the incident shear wave angle for a water gap in steel whose thickness equals
one wavelength. Similarily, Figure A3 shows the reflected flux for a gap of
A/100 while Figure A4 shows both the reflected and transmitted flux for a gap
of vanishing thickness. As the gap thickness tends to zero, FREP falls to zero
for igcident angles close to 45 , but for angles less than the critical angle
of 337, FREF increases. If the gap contains air rather than a liquid, the gap
separation would have to be extremely small before any change in FREF occurred.
This is because of the very large iggedance d%fference between a solid and air.
Figure A5 showg FREF for gaps of 10 Aand 10 - A and it is only when the gap
approaches 10 A , that a marked change occurs. Such a gap is extremely small,
being of the order of a nanometer for 4 MHz waves in air. Consequently, since
even surfaces which are optically flat will haye a roughness seyeral orders
greater than this, any surfaces which are realised in practice will have their

- 21 =




