Ultrasonic Measurement of Weld Penetration

The use of pulse-echo techniques to determine

weld pool dimensions is investigated

ABSTRACT. The automatic production of
high quality welded joints requires a
means of measuring weld quality in real
time and a feedback control strategy for
regulating that quality. Penetration is a
good first order indicator of weld integri-
ty, and most efforts at weld quaiity con-
trol have been concentrated on penetra-
tion. In this work, a technique for using
ultrasonic pulse-echc measurements to
determine weld pool dimensions is exam-
ined.

Although current research 'in nonde-
structive evaluation indicates that size
and shape of discontinuities can be inter-
preted from the time history of an ultra-
sonic reflection, the thermal gradients
caused by welding cause sufficient distor-
tion in the ultrasound reflection to pre-
clude use of these techniques for initial
studies. In a more straightforward
approach, a geometric optics framework
is developed for the estimation of ultra-
sonic transit times between an ultrasound
transducer and a stationary, hemispheri-
cal weld pool in a rod.

Experiments were conducted to verify
these predictions by performing mea-
surements of ultrasonic reflections from
machined hemispheres and from weld
pools in long rods. The results show good
agreement between the measurements
performed on the cylindrical rods and the
geometric optics predictions for both
machined surfaces and weld pools.

Introduction

The automatic production of high qual-
ity welded joints requires the side-by-side
development of techniques for position-
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ing the welding torch (seam tracking} and
for regulating welding parameters in real
time to obtain a desired level of weld
quality. The work described in this paper
concentrates on weld penetration as a
measure of weld quality using ultrasonic
pulse echo techniques to measure the
penetration of a2 weld pool in real time.
Several researchers have considered
techniques for measuring weld penetra-
tion for feedback control. In 1976, Vro-
man and Brandt (Ref. 1) used a line scan
camera to measure the width of the top
side of a weld, Since for a given geome-
try and fixed welding conditions the
depth to width ratio of a weld remains
somewhat constant, regulating the top
side weld pool width regulates penetra-
tion. The results reported were not con-
clusive and indicated the need for further
study of this approach. In a refinement of
this technique, Richardson et al. (Ref. 2)
recently reported the use of video mea-
surement methods to control the topside
width of GTA welds. The unique aspect

of this work is that the pool is viewed"

directly from above by putting the optical
axis in line with the electrode.

In a more direct approach, Nomura et
al. (Ref. 3) have used photodetectors
placed along the back side of the weid-
ment to measure the back bead width of
the weld. As the weld goes from partial
to full penetration, the infrared radiation
from the back side of the weld goes
through a step transition. In this way,
photodetectors can be used to detect a
fult penetration weld. Garlow (Ref. 4) and
Reiff {Ref. 5) have used a simple photo-
transistor to measure the back side weid
bead width in GTA welds with reason-
able accuracy. This measurement was
used in a closed loop controller that quite
accurately regulated the back bead
width. However, back side weid bead
sensing has an inherent drawback in that
it is difficult or impossible to conveniently
locate a sensor on the back side of the

weldment for many weldment configura-
tions. In addition, back side sensing does
not provide useful measurements when
knowledge of partial penetration is
desired.

Hardt and Zacksenhouse (Ref. 6) dem-
onstrated that weld pool size could be
determined by measuring the resonant
frequency of a full penetration pooi. The
pool is modelled as a dynamic mass
spring system, and they show that the
natural frequency of this system is a
function of the size of the weld pool. The
existence of this frequency dependence
on weld pool size has been verified
experimentally, and the present waork is
attempting to show that arc voltage fre-
guency measurements can be used to
determine the weld pool natural frequen-
cy. Renwick and Richardson (Ref. 7) have
also observed a pool resonance in the
case of a partially penetrated weid.

All of the weld pool measurement
techniques mentioned soc far share the
difficulty that they are attempting to mea-
sure variables that are not single valued
indicators of penetration. in an attempt to
provide a means of directly measuring
the desired weld pool dimensions, the
concept of using uitrasonic pulse echo
techniques to directly measure weld pool
dimensions was developed, based upon
established technology for other applica-
tions. In this paper, the techniques avail-
able for ultrasonic measurement and the
implications of application to in-process
welding are discussed. This is followed by
a critical experiment where the existence
of reflections from a weld poof are con-
fimed, and some rudimentary depth
measurements performed.

Ultrasonic Methods for Defect
Measurement

Ultrasonic testing has been used effec-
tively as a nondestructive evaluation
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Fig. 1=Ultrasonic reflections from a cylindrical
discontinuity (Ref. 11): A = ultrasound incident
upon cylindrical discontinuity; 8~ ultrasonic
reflections from a cylinder; C-—osciffloscope
trace of reflections from cylinder

technique for locating discontinuities
below the surface of various metals. 1t
has become a standard technique for
locating cracks, lack of fusion, porosity,
and other discontinuities in fusion welds.
All ultrasonic testing methods are based
on reflection of stress waves caused by
changes in the material properties of the
medium in which it travels. This makes
single point range measurements a simple
matter of measuring the transit time for a
single ultrasound pulse to travel to and
from a reflector. However, a discontinu-
ity of dimension larger than the wave-
length of the incident ultrasound pulse
will not only reflect ultrasound, but it will
rearrange the phase relationship of the
incident ultrasound pulse. Thus, the
“shape’’ of the reflected ultrasound pulse
is different from the “shape” of the
‘incident pulse —see Fig. 1 and Freeman
(Ref. 8). The manner in which the pulse
“shape” is altered is a function of the
size, shape, and material properties of
the reflector. Thus the reflected ultra-
sound pulse contains information con-
cerning the size and shape of whatever
caused the reflection.

Many nondestructive testing problems
require knowledge of discontinuity size
and/or shape as well as the location of a
discontinuity, and several researchers
have been studying ultrasonic techniques
for directly determining the size and
shape of the defects in materials. These
techniques generally involve some deci-
phering of the characteristics of ultrasonic
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reflections from idealized defects ke
spheres, cylinders and disks. These
studies include both time domain (Pao
and (Ref. 9} and frequency domain (Ref.
10)} approaches and include techniques
that determine size from a single reflec-
tion {Ref. 11) or by observing the scat-
tered intensity at several different loca-
tions {Refs. 12, 13).

The results of these studies indicate
that the ultrasonic reflections from a giv-
en “target” are a function of both size
and shape of the reflector. if the essential
features of ultrasonic reflections from
known surfaces can be characterized, it
should be possible to develop a means of
measuring reflector dimensions from
ultrasound traces. Sachse {Ref. 11} has
done this for the case of a fluid filled
cylindrical inclusion in an aluminum block
while Thompson and Thompson {Ref. 14)
have performed studies using a frequen-
cy domain scattering technique for identi-
fying a more general target. In yet anoth-
er approach, Rose {Ref. 15) has used
computer pattern recognition techniques
to identify certain postweld discontinui-
ties in welded steel plates.

Ultrasonic Measurement of Weld
Pool Dimensions

A weld pool constitutes a change in
phase and material properties relative to
the rest of the weldment and thus should
be a reflector of ultrasound. Tabulated
values of the density and speed of sound
of molten aluminum and copper (Ref. 16)
indicate that a weld pool in either of
these materials would indeed reflect
ultrasound. Since the wavetength of ultra-
sound is smaller than the characteristic
dimension of any but the thinnest of
materials that one might wish to weld, an
ultrasound puise reflected by a weld pool
should contain information concerning
the size of that weld pool.

In this paper the conditions for reflect-
ing uitrasonic waves from a weld pool
are examined, and a means for interpret-
ing such reflections is presented. A critical

- experiment is performed to demonstrate

the ability of uitrasound to measure the
depth of penetration of a static weld
pool. There are, however, several areas
of research that must precede the devel-
opment of an ultrasonic weld pool mea-
surement system. The bulk of these are
the result of the large termperature gradi-
ents that exist within a2 weldment.

The propagation speed of ultrasound
is a function of the temperature of the
medium in which it travels. In general, this
speed drops as the temperature of the
medium increases. For weld pool mea-
surement, this will result in an uitrasound
velocity that varies with position. This
velocity gradient can cause shifting of the
path followed by an uitrasound pulse and
may make it difficult to “see” reflections
from the weld pool.

High temperatures aiso cause an
increase in attenuation of the medium.
Thus larger amplitude ultrasound pulses
must be applied to the medium in order
to get a measurable reflection back. In
the heat-affected zone (HAZ) of the
weid, the solid phase transition can resuit
in a large enough variation in properties

" to cause reflections of ultrasound (Ref.

17). If the magnitude of this reflection is
large, it may not be possible to transmit
ultrasound through the HAZ to the weld
poot. This would fimit the ultrasonic tech-
nigue to one of measuring the dimen-
sions of the HAZ. On the other hand, i
finite but small reflections from the HAZ
exist, it might be possible to independent-
ly measure the size of the HAZ and of the
weld pool. This would present the
opportunity for independent control of
HAZ dimensions and the penetration.
Another problem is that an ultrasound
transducer must be in acoustic contact
with the material to be inspected if any
energy transfer is to take place. This is
normally accomplished by using a liquid
or gel to fill in the asperites between the
transducer and the object to be
inspected or by clamping the transducer
to the specimen with a large force (Ref.
18). A weld pool measurement system
such as that shown in Fig. 2 must be
capable of moving along the top surface
of a hot weldment while maintaining

transducer
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Fig. 2~ Proposed configuration of the transducer in a penetration measurement system
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acoustic contact between the transducer
and the weldment. r

Currently, four approaches to the
problem have been considered. The first
technique consists of a standard contact
angle beam transducer that is lightly held
against the weldment by a spring force so
that it is still free to slide over the weld-
ment. The second technique would
employ a commercially available wheel
shaped transducer that is filled with
water. The third technique would
employ a linear actuator to lift the trans-
ducer off of the weldment, discretely
advance the weld torch, and then com-
press the transducer back down on the
weldment (Ref. 19). The fourth and by far
the most elegant technique would be to
employ an electromagnetic acoustic
transducer (EMAT), see Thompson and
Thompson (Ref. 14), as the ultrasound
source. EMAT's provide a non-contact
method of performing ultrasonic inspec-
tion that is clearly desirable for the case
of weld pool dimension measurement.
Unfortunately, state-of-the-art EMAT'’s
have low transduction efficiendies.
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Fig. 4= Transmission of ultrasound through a flat ended rod

Weld Pool Reflections in a
Cylindrical Rod

In order to measure the dimensions of
a weld pool using ultrasound. it is neces-
sary to determine how the presence of a
weld pool reflects an uitrasound pulse
and then how the dimensions of the
reflecting weld pool can be isolated from
a time trace of the ultrasound pulse. To
this end, a smplified weldment geometry
{a cylindrical rod) combined with a ray
optics wave analysis was employed. (The
results of Schmitz (Ref. 20) are encourag-
ing with regard to the utility of this
approach.)

The case of ultrasonic weid pool
dimensional measurement lends itself to
the geometric optics approach, since the
location of the weld pool is known. By
physically connecting the transducer
mounting structure to the welding torch,
it can be guaranteed that the transducer
will track the weld pool at all times. Using
the ray tracing techniques of geometric
optics, it is possible to reconstruct a
surface profile of the weld pool from
ultrasonic time traces. important con-
cepts for such a reconstruction are dis-
cussed below. ;

Consider the configuration shown in
Fig. 3 where an ultrasound transducer is
clamped to the end of a cylindrical rod. A
GTA welding torch is placed above the
rod end opposite to the transducer, and
a weld pool is established in the rod end.
In this configuration, the uitrasound trans-
ducer will be directly viewing the weld
pool as it forms. However, before con-
sidering the reflections of ultrasound
from a weld pool, it is well to look at the
ultrasonic reflections from the end of a

plain cylindrical rod of length L. and
diameter d.

In Fig. 4, an ultrasound transducer with
maximum beam angle is shown placed on
the end of the rod (positioned such that
its center is aligned with the rod axis and
that the geometry is axially symmetric).
This will allow the use of a two dimen-
sional model of the ultrasonic ray paths.
In order to simplify the discussion, it is
assumed that L{tan{v)} is less than half the
rod diameter so that the uitrasound puise
will reach the opposite rod end before
the beam spreads out enough to reach
the sidewalls of the rod.

The ultrasound beam can be described
by a series of rays traveling down the
length of the rod. The rays will make an
angie © with the axis of the rod such that
© is less than the absolute value of the
transducer beam angle. For an arbitrary
ray with angle ©, the time required for
ultrasound to travel from the transducer
to the opposite rod end is given by:
t: = L/¢y cos(O) where ¢, is the longitudi-
nal wave speed.

The rod end is a boundary between a
solid and air so refraction from the rod
end will not take place. From Snell’s law it
can be shown that the longitudinal pulse
is reflected at the same angle as the
incident pulse while the reflected shear
pulse has an angle given by: 9, = sin
(/¢ sin ©) where ¢, is the shear wave
speed. The radial position at the rod end
is given by:

r=4tan {1)

It is possible for ultrasound to return to
the transducer along several different
paths, and Fig. 5 depicts four possible

®
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Fig. 5~ Return paths of reflections from a flat endled rod: A — longitudinal wave return path without sidewall reflection; B~ longitudinal return path with
sidewall reflection; C —retumn path with one shear wave reflection; D - return path with muitiple shear wave reflections :
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paths. Since the beam angle is such that
the ultrasound reaches the far end of the
rod before the side walls, all of the paths
have a transit time of:

t=L/c,cos 0 {2)

to the far end of the rod. The return path
can consist of a longitudinal pulse or can
be mode converted to [up to nj shear
pulse reflections, where n is given by:

(4 L tan 6 d} 1—(c/cy)? sin? O 3)
2d(c/cy)sinOtan O

This condition ensures that the dis-
tance travelled as shear waves does not
exceed the length of the rod.

Under these conditions, the transit
time for an ultrasonic puise to travel from
the transducer to the rod end and back
with up to n shear pulse reflections is:

2L +(c%—c%) nd
c1cos®  ci (cf—chcost @

{4

The first term in equation (4) is the time
required for a longitudinal pulse to travel
down the rod and back. The second term
is the additional return time required for n
shear pulse reflections along the side
walls of the rod. (Note that shear pulses
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are slower than longitudinal pulses.)

for most real transducers, v and hence
© are small so equation {4) can be simpli-
fied using a small angle approximation to
find the transit times:

(= gl_. + ndy/cf — o

(8] CiCy

&)

Thus we expect the time traces of
ultrasonic reflections from the end of a
cylindrical rod to consist of a peak at

t=2l/c; and a train of trailing peaks

delayed from the first peak by the

term:
t= 9__._..VC = 6)

C1G

Figure 6 is a reconstruction of such a
time trace. The amplitudes of the return-
ing pulses are a function of the amplitude
distribution of the transducer and are
inversely proportional to the length of
the ray path. Thus we expect to see the
pulses occurring at later times diminished
in amplitude. This effect is shownin Fig. 6.
Because there is a dependence on angle
in the transit time equations, it is expected
that the distinct peaks of Fig. 6 will be
spread out in a real ultrasonic time trace.
Finally, the energy returning to the trans-
ducer end of the rod can reflect from the
rod end and travel down and back again.
This will result in a duplication of the
ultrasound time trace just described but
delayed in time by 2L/¢,.

The above discussion indicated that
dltrasonic reflections in a cylindrical rod
have a complicated structure resulting
from the geometry of the rod and the
existence of mode conversion between
longitudinal and shear pulses. This is also
true in the case of ultrasound transmis-
sion in a plate, which more accurately
describes a general weldment configura-
tion.

Reflections from a Weld Pool on the End of
a Cylindrical Rod

if we assume that the shape of a
stationary weld in a thick weldment can
be approximated as a hemisphere. we
can consider a hemispherical shaped
weld pool of radius r at the end of a
cylindrical rod of length L, as in Fig. 7.
Since the rod is axially symmetric, the
weld pool can be described as a 2-
dimensional surface:

L—xP2+ri=r} (7a)
and,
dr - L-x
dx {2+ 2lx = (<2 + L))"

where 2r is less than the rod diame-
ter, d.

{(7b)

 naig

2

Fig. 7 —Reconstruction of ultrasound reflections in a cylindrical rod




If we assume that an ultrasound ray
with angle © to the rod axis is incident
upon the weld pool, an arbitrary point on
the ray path can be described by the
equation:

r=xtan 9. (8)

The point of intersection between the
ray path and the weld pool (x, r;) can be
found by solving equations (7a) and (8)
simuitaneously with the result:

x; = L cos*@—L cos 8 (/L —sin® 8)"

and,
ri = 0.5L sin 28 +L sin B (r3/L2 —sin? §)
(%

The angle of incidence of the incoming
ultrasound ray is a function of 8, and the
tangent angle of the weld pool surface
{Fig. 7) and is given by:

0=9%deg+0—«a

In turn, the tangent angle « is related to
the slope of the weld pool surface by:

a; = tan™'dry/ dx;

L—x

2+ 2lx - (< + 13

The angle of reflection from the weld

pool can be found using Srell’s law again

with 6, = 8; for longitudinal reflections

and equation (9} for shear reflections. For

convenience, the reflection angle can be

expressed as an angle relative to the rod
axis, © (Fig. 7) using:

- -,

(10)

6=6,~0+06, (11)

There are 4 basic return paths back to
the transducer from the weld pool. These
return paths and their respective transit
time equations are listed below: the
return paths are also depicted in Fig. 8.

1. Longitudinal reflection with direct
return to transducer:

fm— X (12a)
= a
C1CO50  ¢;cos O

2. Longitudinal reflection which then
reflects from a sidewall, goes through
n-shear wave reflections, and then
returns as a longitudinal pulse:

1 1 X;
t= + -+
[ cos 8 cos 6 ]c1
{12b)

i ~ci nd
ara e - cieosie)-

where: n<

[x. (tan Oy + tan ©) — d/2]
{cf - ct cos? @)

dc, cos 8¢

{Note that the equations for reflections
from a flat ended rod are a special case
of this equation.)

3. Shear reflection which
directly to transducer:

= ! + ! X; (12(:)
€1C0s 68 ¢ Cos B

4. Shear wave reflection which is
mode converted back to longitudinal
wave after n reflections:

returns

1 C
- + (12d)
t [ c1¢c0s 9  cfcos 6

[c?-—c%]tane]
—_— - X; +
€16 sin @

- Fig. 9—Comparison between the path length

to weld pool bottom and rod end
d=ct Fen+1d
C1Gy 2 sin 6

X
where: n <[tan 6 + tan O]Sn ( -)

2

The relationships between the differ-
ent transit times are very much a function
of the radius of the weld pooi and the
length of the rod which serve to deter-
mine the coordinates of the reflection
point (x, r), and the angle of reflection.
The amplitudes of the reflected pulses
are also functions of the angles of inci-
dence and the path lengths. The shape of
the final ultrasound time traces thus varies
with the radius of the weld pool. It is clear
from the equations that there will be
some type of multiple peak structure as in
the case of the flat ended rod. This is a
result of the difference in speed of sound
between longitudinal and shear waves
and- the difference in path length
between the various possible paths.

if ultrasonic reflections from a weld
pool are used to determine the dimen-
sions of the weld pool, it will be neces-
sary to isolate characteristics of the ultra-
sonic time traces to allow one to deter-
mine those dimensions. Equation (12} is
somewhat cumbersome for this purpose.
However, a simplification provides an
estimate of the radius of a hemisphere
shaped weld pool in the end of a rod.

Consider a “small"” hemisphere on a
rod end such that the incident ultrasound
beam will be reflected from part of the
flat portion of the rod end as in Fig. 9.
This will result in a reflection from the rod
end which should be a dominant charac-
teristic of the ultrasound time trace. The

® <

7 =

@

B} Loy,
= /%

Fig. 8~ Ultrasonic reflections from a hemisphere shaped

weld pool in a cylindrical rod: A —longitudinaf return path; B—longitudinaf reflection mode

converted to shear and then back to longitudinal; C ~ shear retumn path; shear reflection mode converted to longitudinal
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shortest transit time to the flat portion of

the rod end is given by:

2 244
{ezw
1

However, the first ultrasound reflec-
tion that returns to the transducer in this
case follows a path down the center of
the rod at 0 = 0 to the bottom of the
weld pool and back. This path will have a
transit time given by:

t = 2L - rE),
Cq

if the ultrasound peaks corresponding
to these two transit times could be iso-
lated and their difference, At, measured,
the radius of the weld pool could be
determined as follows:

Al = ta ~ ¢
= Ve L2+ g =2~ 1)

which can be solved for r, yielding:

_ Lot +cft2s4

= 1
o 2L + ¢,At (13

The validity of this expression has been
evaluated experimentally and is discussed
below.

Cylindrical Rod Experiments

The cylindrical geometry analyzed
above was used in a series of experi-
ments with the objectives of:

1. Establishing whether ultrasound is
indeed reflected from weld pools.

2. Establishing the validity of equation
(13).

To separate the effect of temperature
gradients on this result, two different
experirnents were performed. In the first,
hemispheres of various radi were
machined into the rod and then the
radius was measured from the uitrasound
reflections and equation (13). In the sec-
ond set of tests, a GTA torch was used to
create various size weld pools on the flat
end of a rod. Ultrasound measurements
were again made and the depth of the
weld pool estimated by application of
equation (13).

The test pieces were turned from 1020
hot rolled steel to a diameter of 15.8 mm
(% m.) and a length of 152.4 mm (6 in.).
The weld pool experiments were per-
formed using a DC welding power sup-
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ply connected tc an air-cocled GTAW
torch with a 3.2 mm (Y8 in) 1% thoria
tungsten electrode. Argon shielding gas
was used for all of the experiments.

A Krautkramer USM-2 ultrasonic pulser .

receiver unit was used as the ultrasound
source. The transducer was a Paname-
trics A611S, 10 MHz, 127 mm (Y2 in)
diameter delay line transducer. The
A6 115 is threaded so that a delay line can
be connected to the transducer using a
locking ring to hold it down, as depicted
in Fig. 10. The transit time of ultrasound
through the rod is expected to be of the
order of 50 micro-sec. To extract weld
pool dimensional information from the
signals, time resolution of the order of 0.1
micro-seconds(s) is necessary.

To record and display the ultrasound
reflections, a system comprising a Tek-
tronix 7854 digital oscilloscope coupled
to a DEC MINC lab computer was
employed. By allowing communication
between these devices on an [EEE Gener-
al Purpose Interface Bus (GPIB), the high
speed digitizing and signal averaging
capabilities of the oscilloscope could be
exploited. At the same time, the MINC
was used to control the functions of the
oscilloscope during the experiment,
record the data on disk, and plot the
resulting waveforms. Since the 7854 has a
bandwidth >100 MHz, recording ultra-
sonic reflections was well within its capa-
bilities.

The first set of measurements were
performed on 8 rods: 1 flat ended rod,
and 7 with hemispheres of diameter
between 4.76 mm (¥e in.} and 12.7 mm
(2 in.) ball end milled into the rod end.
Typical results are shown in Fig. 11.

Figure 11A . depicts the ultrasonic
reflections from a flat ended rod. Here
the transit time from the initial pulse to
the first reflected pulse is 51.56 micro-s.
From equation (1), this is equivalent to a
rod iength of 152.1 mm (5.98 in.).

The spacing between the trailing peaks
is 4.17 micro-s. Equation (6) was devel-
oped to predict the spacing between
these peaks. Rearranging this expression
to estimate rod diameter from the peak
spacing, we find that d = 16.01mm (0.63
in.). The estimates of rod length and
diameter from equations (1) and (6) are in
good agreement with the actual values of
length (152.4 mm or 6 in.) and diameter
(15.86 mm or 0.62 in.).

Typical time traces of ultrasonic reflec-
tions from hemispherical ball end milled
surfaces are contained in Figs. 11Band D.
These samples were manufactured using
ball end milling cutters ranging in diame-
ter from 4.76 mm (¥s in.) to 12.7 mm (2
in.). in increments of 1.59 mm (e in.).
Examining the data sequentially, the first
thing to notice is that a shoulder forms on
the first reflection and breaks off into a
second peak as the hemisphere becomes

larger. This first small peak is postulated
to be a reflection from the bottom of the
hemispherical surface as depicted in
Fig. 9.

The next feature to notice is the smear-
ing out of the reflection as the size of the
reflector increases. Figure 11A shows a
set of very clearly defined peaks. As one
goes through to Fig. 110, there are more
and more reflections between the large
peaks. These are the result of reflections
from different portions of the curved
surface which result in an almost continu-
ous variation in transit time. Intermediate
peaks exist between the major peaks
found in the flat ended rod. These are
probably results of the hemisphere
reflections being mode converted to
shear waves in the rod.

In an attempt to measure the dimen-
sions of these hermspheres, the time
difference between the small initial peak
or shoulder and the first major peak of
the ultrasound time traces was measured.
The rods were then sectioned down the
middle and the depths of each of the
hemispheres was measured using a Nikon
tooimaker’s microscope. Figure 12 is a
plot of the measured time difference vs.
the depth of the hemisphere. Also shown
in Fig. 12 is the theoretical relationship
between the time difference between
the first two peaks of an ultrasonic time
record and the hemisphere radius
according to equation (13} and using the
simplest approximation:

At = 2¢r, (14)

There is reasonable agreement be-
tween theory and the measurements. It
appears that either of these approxima-
tions could be used to give a first order
estimate of the relationship between
hemisphere size and the spacing of the
first two reflected peaks.

After completing the studies with the
milled hemispherical surfaces, a set of
experiments were performed producing
weld pools on the end of some of the
sample rods and obtaining ultrasonic
reflections using the MINC-7854 data
acquisition system. Figlires 13A and D are
ultrasonic time traces obtained while
welding the ends of four of these sample
rods.

The first noticeable feature in these
traces is the large amount of noise
present between the initial pulse and the
first returned reflection as noted in Fig.
13A. This noise does not appear in the
traces between pulses and appears to
attenuate with time. This seems to indi-
cate that the noise is in fact caused by
reflections from something present in the
rod. This could be the result of material
variations or inclusions of oxide or carbon
present in the rod. At low temperatures

r + machined hemisphare

¢ wald poel

20

At hin psec)

10 20
Radivs (m inches)

Fig. 12 —Shoulder-to-peak time difference vs.
hemisphere and pool radius. The ilower line
represents. the predictron of equation (1)
while the upper is from equation (13)

the material properties of such inclusions
may not vary enough from the properties
of steel to cause refections. However,
the material properties of these inclusions
at elevated temperatures can be different
from those of steel resulting in reflections
from the inclusions.

The ampilitudes of the rod end reflec-
tions in Figs. 13A and D are much smaller
than those in Figs. 11A and D. This is a
result of the increased attenuation as the
rod heats up. The transit times to the first
rod end reflection are on the order of 53
micro-s, roughly 2 micro-s slower than in
the case of the cold rods. This corre-
sponds to an average speed of sound in
the rod of 5750 m/s as opposed to the
speed of sound in a rod at room temper-
ature which is 5900 mv/s. Finally, notice
the presence of multiple pulses in the rod
end reflections. These resemble the
reflections from rods with milled hemi-
spheres, although attenuated in ampii-
tude.

The time difference between the small,
initial peak and the first major peak was
again measured, and equation (13) was
applied to estimate the pool depth. (AF
though identifying this initial peak
appears tenuous from Fig. 13, it was
easily and consistently distinguished from
noise by examination of the digitally
stored ultrasound signal.} After welding,
the rods were sectioned and etched with
a Nital solution and the weld pool dimen-
sions measured using the toolmaker’s
microscope. These measurements have
been plotted against the corresponding
time difference between the first two
reflection peaks in Fig. 12. These results
clearly fall along the theoretical curve to
first order. While there are not many data
points, it seems clear that the ultrasonic
reflections from the region of a weid
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Fig. 13 —Reflections from weld pools of various depths: A—~0.13 in. deep, B8~0.17 in. deep;, C—0.19 in. deep, D—0.27 in. deep

pool are behaving as expected.

Conclusion

The concept of using refiection ultra-
sound methods to measure the size of a
weld pool in-process has been advanced.
While techniques for direct shape mea-
surement by decoding the entire ultra-
sound reflection are under development,
the additional problems introduced by
high temperatures and large temperature
gradient in welding requires that simpler
approaches be first considered.

in this paper, the reflection pattern
from hemispheres in the end of long
cylinders have been predicted and veri-
fied experimentally. More importantly,
when the hemispherical shape represents
the weld pool-solid metal interface, it has
been shown that accurate radius mea-
surements can be made. Since the com-
pletion of this work, results of a similar
concurrent study by Lott (Ref. 21) have
been reported, with similar conclusions
regarding weld pool size measurement.
Thus the initial step toward realization of
real time weld pool cross section mea-
surement for in-process control purposes
has been successful.
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