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INTRODUCTION

One of the most challenging problems in Non-Destructive Testing lies in making
the inspection as rapid, precise, cost effective and operator independent as
possible. Only by optimizing these four factors can a technology take full
advantage of the quality control, possible with NDT. This paper describes a
highly complex application of high frequency ultrasonics to image extremely
small and difficult to detect flaws in a production line environment.

The objects of interest are flat plate nuclear fuel used in the Advanced Test
Reactor at the Idaho National Engineering Laboratory. The plates are fabrica-
ted by hot rolling a "sandwich" of alloyed uranium fuel and aluminum cladding.
After rolling, the block is flattened to a long thin plate approximately 1.27 m
(55 inches) long, 102 mm (4 inches) wide and 1.25 mm (0.050 inches) thick. The
core, or fuel area is nominally 0.75 mm (0.030 inches) thick with 0.25 mm (0.010
inches) of aluminum bonded to both sides. As might be expected the fabrication
is a sensitive process which can introduce several flaws detrimental to the
reactor operation if they are undetected. Two of the characteristics that must
be examined are the cladding thickness of the aluminum left over the fuel and
the quality of bond between the cladding and the fuel. If either the cladding
is too thin or the bonding inadequate thermal and/or corrosive activity can
crack the protective cladding.

The design objectives for this system were as follows:

1. Maximum automation- of operator functions.

2. Incorporation of both ultrasonic examinations into one scan.

3. Capability of inspecting a plate every 6 minutes.

THE ULTRASONICS

Accomplishing these objectives was complicated by the unique characteristics
of the min-clad measurement. Essentially the idea is simple in that we use
an ultrasonic pulse as a radar like beam and attempt to detect and measure
the time between the two echos received when the beam is reflected from the
interface at the surface of the fuel plate and from the next interface at the,
junction of the cladding and the fuel. This type of thickness gauging is a
common technique except for scale. The small particles of fuel that cause
the second reflection are on the average of 0.13 mm (0.005 inches) in diameter
and we need to detect theig as close to the front surface of the plate as 0.15 mm
(0.006 inches). The speed of sound in aluminum is about 1.48 Km/sec so that
means we must detect that small second echo in as little as 48 nanoseconds
after "seeing" the front surface. In 48 nanoseconds a beam of light w^ll
travel about 14 meters. Now these times are not excessively small wheri you
refer to nuclear physics parameters or fast electronics but they are murder
if you're using a mechanical elenjent such as an ultrasonic transducer and
attempting to provide a production tool that will make that measurement several
million times over a single fuel plate.



Fortunately we had the benefit of some pioneering work done at the INEL by
Mssrs. C. R. Mikesell and L. S. Bellerin conjunction with Panametrics of
Waltham Massachusetts whereby a very finely focused high frequency ultra-
sonic transducer was developed. This transducer has a nominal frequency of
50 MHz with a focal spot of approximately 0.1 mm (0.004 inches) and it was
used in a first generation laboratory tool that was later adopted for pro-
duction work. In the second generation production tool which is the subject
of this paper we needed to further modify the transducer by constructing the
signal processing electronics in a water tight package mounted on the trans-
ducer. This approach prevented the loss of the high frequency components of
the ultrasonic signal due to transmission losses in the cable between the
transducer and pulser/receiver. The sonic echo these transducers generate
from a fuel plate are shown in Figures la and b.
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Oscilliscope Representation of the Ultrasonic Reflection

The shape of the signal and its sensitivity to flaws are dependant on very
precise positioning of the ultrasonic transducer as it scans across the fuel
plate at speeds in excess of 760 mm (30 inches) per second. The distance
between the face of the transducer and the fuel plate must be held to within
+ 0.1 mm (0.004 inches) of a nominal position. For that reason the scanning
system includes a 152 mm thick 3 ton granite tank for stability and a high
speed stepper motor servo system to constantly position the transducer at the
correct water path. A correction pulse is sent to the servo motor anytime the
front surface echo of the fuel plata arrives outside of the "focusing" (posi-
tion control) window.

The actual measurement is performed using purchased nuclear instrumentation
modules and control logic designed and built at the INEL. Fast logic discrim-
inators are set to trigger on botjih the front surface and flake echos. The
front surface pulse (set for' aboiilt 10 ns wide) is then delayed and fed to a
coincidence gate to be compared Jo flake pulses. If the two pulses are in



coincidence an output is generated which indicates that fuel echos were detected
at a cladding depth corresponding to the delay of the front surface pulse. A
minimum overlap of 1.5 ns is necessary for detection.

Figure 2 - Logic of Uranium Flake Detection Circuits
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In this way fuel particles can be detected at depths between 0.15 mm up to
2.5 mm or deeper. This allows one to guarantee minimum clad thickness of
0.15 mm or more depending on the control settings.= Flakes less than 0.15 mm
would also be detected however since claddings thinner than this would show
some flakes at the 0.15 mm range. Moreover there would be reverberations
showing at the 0.15 mm level that emanate from flakes as shallow as 0.05 mm.

The bond evaluation is a much more conventional measurement which relies on
the fact that a high quality bond between the cladding and fuel will transmit
an ultrasonic pulse with a predictable attenuation. A separate set of trans-
ducers and associated electronics are employed to make this measurement. Two
transducers are employed in a "pitch catch" mode in which the transmitting
transducer sends a pulse through the fuel plate to be received by a second
transducer on the other side of the plate. If a poorly bonded area or void
is encountered by the ultrasonic pulse as it traverses the plate a large
drop in the received signal strength is detected. This triggers an alarm
which causes an image of the flaw to be recorded. By appropriate adjust-
ment of the detection threshold the operator can image the core area to !

determine whether the flaw lies in the fueled or unfueled portion of the
plate. The transmitting transducer is a 15 MHz 12.7 mm (0.5 inch) focus
9.5 mm (0.375 inch) diameter crystal which results in a small 0.28 mm (0.015
inch) beam for flaw detection. The receiving transducer is similar except
that it is unfocused to provide for easier alignment.

MECHANICAL SCANNING SUBSYSTEM

As previously mentioned the intent e£ this design was to provide a maximum
level of automation to simplify operator functions and minimize human error.
In normal inspection the operator loads the fuel plate into an automatically
positioned holder, sets the scan limit to correspond to plate width and
initiates scanning with a single control button. The data is recorded



electrostatically on paper which is positioned above and slightly behind the
granite tank where the actual scanning occurs. Automation Industries of
Chatsworth, California was responsible for the design and fabrication of the
scanning mechanics and scan control circuits.

During scanning the fuel plate is held rigidly on edge so that both sides of
the plate can be scanned for clad thickness simultaneously. There are two
identical transducer housings located on each side of the plate. Each housing
contains one min-clad transducer and its focusing servo motor and one of the
debond transducers. Both the min-clad and debond systems take data at a 10
KHz rate. At the maximum scanning speed of 1 meter (39 inches) per second
we are taking data every 0.1 mm which results in 100% coverage of the plate in
the scanning direction. An average width plate of 76.2 mm produces 3.5
million data points for the two min-clad channels and one debond channel.

The data is displayed on electrostatically sensitive paper which is capable
of recording 10 shades of gray under ideal conditions. The three separate
data channels are overlaid on one recording. Generally a darker shade is
selected for the debond flaws as compared to min-clad flaws although in some
situations it is necessary to rerun a plate to determine what type of flaw is
present. The image presented is a gray shade image of the fuel plate and its
clamping fixture. A small window on one end of the fixture also contains
standards which become part of the permanent record of each scan. The bond
quality standard is a cone shaped button which reflects incident ultrasonic
energy and thus simulates the amplitude drop found when a bond flaw is encoun-
tered. The min-clad standard is a slot of continuously varying depth which
produces indications on the scan corresponding to varying thicknesses of metal.

In addition, min-clad flaw signals are also fed to a digital counter circuit
which displays the number of "hits" or flaws that violated the minimum clad
setting.

At the end of a scan the system automatically indexes to a home position and
maintains the proper transducer position so that it will be focused on the
next plate inserted. The operator switch activates the clamping mechanism
to rise out of the tank so that the inspected plate can be removed and a new
plate inserted. The recording paper is also removed and any pertinent data
is recorded.

The introduction of this system has more than doubled the productivity of the
ultrasonic inspection portion of the ATR fuel production line. In the past,
two separate UT operations were used for min-clad and bond inspection. More-
over, the new system can inspect at least 48 full sized plates per shift. It
is self verifying, in that any, electronic failures or incorrect settings will
trigger alarms which are shown on the trace or which change the image of the
standards. All of the circuit design is modular so that maintenance can be
performed in many cases by substitution with spare modules.

The techniques developed for this high speed production tool can also be applied
to other situations at less cost if sopie sacrifice in speed can be tolerated.
We are currently exploring thejfeasibility of adapting the min-clad measurement
to small fuel platelets being fabricated at the INEL. If the plates to be



inspected are small enough or flat enough it should be possible to make the
min-clad measurement without the focusing servo. This step would eliminate
a significant portion of the electronics and associated servo mechanisms.
By laying the plate flat and inspecting only one side at a time with a stable
and accurate scanning bidge it should be possible to maintain the ± 0.1 mm
transducer position. Most or all of the electronics to make the measurement
could then be purchased commercially with little additional engineering cost.
In addition, our work has indicated that use of the thru-transmission technique
with finely focused transducers for the bonding measurement may be useful in
highly loaded fuel plates where the higher attenuation makes the measurement
more difficult.


