
EIGHTH WORLD CONFERENCE
ON NONDESTRUCTIVE TESTING
HUITIEME CONFERENCE MONDIALE
SUR LES ESSAIS NON DESTRUCTIFS

y

3Eio
DEVELOPMENTS IN HIGH RESOLUTION RADIOGRAPHY

DÉVELOPPEMENTS EN RADIOGRAPHIE DE HAUTE RÉSOLUTION
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SUMMARY: Critical aspects in the design of metal-ceramic X-ray tubes for high resolution radiography
are presented. The performance of an X-ray system in which the focalspor can be varied from
0.5 mm to 0.05 mm is discussed as well as a number of case studies, which includes an assess-
ment of the value of electronic image enhancement.

RESUME : La vue critique est présente quant au dessein des lampes me'tal-céramique pour radiographie
de haute resolution. Un système radiographique avec une mise au point variable de 0,5 mm
en 0,05 mm est écrire', de même que un nombre des applications y compris une évaluation
de rehausser électronique du radiogramme.

I. INTRODUCTION

When "Resolution" has to be defined for industrial' radiography it should be realized
that the term has been borrowed from the field of optics, where it describes the ability of a
system to separate adjacent similar objects. In radiography, however, it defines the accurate
visualization of random detail caused by the differences in absorption of X-rays passing through
a three-dimensional structure. The two should therefore not be considered synonymous.

In this paper the term "Resolution" is used to depict the ability of an X-ray system
to show clearly détails of a given relative size, not only with a imcro-densiiomerer, but also
with the eye. The image should therefore be sharply defined throughout a wide range of
densities. Although the numerical values of the "Image quality indicators", whether wire or
any other kind, are used in a number of cases, this should not be construed as an attempt to
give qualitative values for radiographie resolution. For "Image quality" as yet, no absolute
values are established, though the factors influencing it are well known. Those factors over
which the manufacturer has control are indicated in figure 1 and further described here:

1.1 X-ray beam geometry

This is determined by the design of the X-ray tube, specifically the focal spot
through its size, shape, intensity distribution and "off-focus" radiation. The internal tube
geometry, which influences the above factors, should be such that unwanted radiation is
absorbed to the greatest extent within the tube itself.

1.2 Quality of Radiation

This means the accurate control of the potential (kV) current (mA) and time as well
as the suppression of omnidirectional radiation from the tu behead. The suppression of the ra-
diation outside the primary beam, through X-ray tube and tubehead design is essential to ob-
tain a high resolution X-ray image. In addition it greatly improves the safety aspects of the
X-ray system.
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The other facto is shown in figure 1 can be influenced through training programs for
industrial radiographers. This is a responsibility not only of the manufacturer, but of the
industry as a whole.
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Figure 1 - Factors Influencing Image Quality.

METAL-CERAMIC X-RAY TUBES

The development of this lype of X-ray tube became reality after it was possible to
make a hermetic metal to ceramic seal. This was developed by the General Electric Company
approximately 30 years ago and both the molymanganese and the active alloy titanium seal
have become an accepted part of ceramic technology.

It is evident that there are a number of advantages when this technology is applied
to the manufacture of X-ray lubes, such as the excellent dielectric properties of the high
alumina ceramics, which do not measurably deteriorate under high levels of radiation. More
striking is the small size and the ruggedness of this lube. In figure 2 three metal-ceramic tubes
are shown; rated at 100, 160 and 320 kV,
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Figure 2 - Metal-ceramic X-ray Tubes

Since the 100 and 160 kV end-grounded tubes can operate at potentials as 'ow as 15
and 30 kV respectively, a beryllium window is a necessity. This has a thickness of 0.75 mm.
For the 225 kV and 320 kV tubes, although they can operate at levels where the beryllium win-
dow is of value, the main reason lies in the manufacturing process. As wiil be noticed the ex-
ternal design of the anode sections of all tubes is the same, vhich limits the number of parts
required for a wide range of tubes.

When the 100 kV and 160 kV tubes are used in the "constant potential" tubehead,
they will pass through an opening with a diameter of 80 mm and 110 mm respectively. It is
therefore possible to operate them in confined areas provided sufficient resolution can be main-
tained at unfavorable fiht-abject-target distances.

This is to a great extent possible if the X-ray tube is designed for a focal spot which
causes minimum geometric unsharpness, and if "off focus" radiation can be prevented.

FOCUSING CUP

Figure 3 - Schematic Cross Section Metal/Ceramic X-ray tube
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spot
In the design of en X-ray tube are a number of critical aspects relating to the focal

'. Not only is its size important but also its shape and the intensity distribution.

In figure 3 a schematic presentation of an X-ray tube is presented in which some of
the critical areas are indicated; namely the size, shape and temperature distribution of the f i la-
ment, its position in the baffle opening and the size of the opening. Also the position of this
baffle in the focusing cup, the distance between cathode and anode,target angle, and the sur-
face condition of the target.

The requirements for focal spots generally relate only to their dimensions, however
the shape and intensity distribution are of the utmost importance, if one has to obtain a high
resolution.

In many tubes the focal spot has an "edgeband" distribution, in which the intensity
across the width peaks at the outer edges. This is shown schematically in figure 4 . The focal
spot is then usually square or rectangular, so that the resolution is not only influenced by the
edgeband effect but by the difference in length, width and diagonals. It will be obvious that
the ideal focal spot would have a circular shape and a uniform energy distribution. As is the
case with most ideals it is hard to reach, but it should also be pointed out that a uniform inten-
sity does not necessarily give the best resolution. It does give the best target loading.
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Figure 4 - Intensity distribution in focal spots.

An intensity distribution which is peaked in the center and also shown in figure 4
will give a far better resolution. It will reduce the loadability to approximately 90% when com-
pared with 100% for the uniformly distributed intensity.

We are more interested in power than in resolution. The focal spot with this "Gaussian"
intensity distribution could be enlarged so that the same resolution is obtained, as for the focal
spot with a uniform distribution. The target loading could then be increased considerably.

In general this is more of interest in the manufacture of medical X-ray tubes where
both resolution and maximum target loading are required due to the very short exposure times.

For industrial radiography the resolution should be considered more important even if
it means an increase in exposure time. In practice this has not been a significant factor. In a
series of tests on an aluminum plate sensitivities of 1% could easily be obtained at a film-focal
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distance of 40 cm using the standard 150 kV - 7 mA X-ray tube with the 1.5 mm focal spot. Sub-
sequent tests of steel and titanium panels of 6 to 12 mm demonstrated the same capability.

The sensitivity value is based on the ASTM E 142-68 image quality indicator. The
portable X-ray systems in which this tube is used have a modified Vil lard circuit. A modified
Greinacher circuit is used for the constant potential equipment. In both cases the major varia-
tion is in the high voltage transformer which is designed for a frequency of 800 Hertz. This
makes a considerable reduction in weight and size of the high voltage generator possible.

An accurate control of the kV and mA is essential to maintain the image quality. Solid
state control and feedback circuits maintain both potential and current at their operator adjusted
values. The automation incorporated in these controls makes possible repetitive exposures with-
out further adjustments.

Notwithstanding the resolution which can be obtained with the standard equipment,
a number of industries have requirements for which this is insufficient. Those industries are,
for example, nuclear and aerospace, including aircraft maintenance.

Initially for the latter two industries a micro focui X-ray tube was developed, which
could be used not only in the laboratory but also for field work.

I I I . VARIABLE MICROFOCUS X-RAY SYSTEM

It is well known that the focal spot size and shape can be drastically changed by
focusing the electron beam on the target. In addition it will change the intensity distribution
and reduce off-focus radiation considerably.

In the end-grounded microfocus tube this is done by electrostatically focusing the
electron beam on the tungsten target by applying a negative bias voltage to a focusing electrode.

This bias voltage can be varied from 0 to -150 volt and a range of focal spot sizes can
be obtained from 0.5 to approximately 0.05 mm depending on kVand mA. A close to uniform
intensity distribution is obtained with an almost circularly shaped spot. The system is limited to
a maximum current of 1 mA to prevent damage to the target at the smaller focal spot sizes. In
figure 5 the relationship between kV, bias voltage and focal spot size is shown graphically.
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Figure 5 - Relation between kV, mA, bias voliage and focal spot size.
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The X-Ray system consists further of a constant potential 100 kV generator with Hie
bias voltage supply built in. This bias voltage is continuously adjustable from the control unit,
which also has the conventional controls for kV, mA and time as well as the required safety
features. The system has an automatic soft start and repetitive exposures can be made without
readjustment. This system, which is built along conventional lines, has proven to be capable of
very high resolution radiography under both laboratory and field conditions.

The initial tests were made on 25.4 mm aluminum plates at a Film Focal Distance of
10 cm. It was possible to resolve the 1% hole in the ASTM Image Quality Indicator. The clarity
of the image was such that really a higher resolution was obtained, and to determine this the
ASTM-Image Quality Indicator for 12.7 mm aluminum was placed on this 25.4 mm test plate. On
the resulting image the smallest hole was still visible which definitely indicated the higher re-
solution. In an effort to define this better and determine the sensitivity for crack detection
several other tests were carried our.

In the first case a 3.2 mm aluminum testplate with two induced fatigue cracks was used.
The width of this crack at the surface was measured and found to vary between 15 and 20 micron,
with a length for both cracks of approximately 20 mm. The cracks progressed fully through the
material thickness.

The first exposure was made at 50 kV end a Film Focal Distance of 150 mm with the test-
plate in contact with the fi lm. Throughout the tests Dupont-Cronex NDT 45 and 55 or Kodak M
day pack film were used, while the films were processed automatically.

Both fatigue cracks were visible in this radiograph , which had density between 2
and 2.5, It also established the fact that the cracks were not perpendicular to the surface, but
twisted through the material. This was further established through a series of radiographs taken
at increasing angles between the center of the X-ray beam and a normal to the crack surface.
This showed the sharpest indications between 0° and 5° . By placing the testplate at 75 mm a 2
diameter geometric enlargement was obtained. In the resulting radiograph the cracks were not
only recognized, but easier to see due to the enlargement.

To determine the maximum angle at which these cracks could be observed the testplate
was rotated in steps of 5° up to angle of 40° as shown in figure 6.
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Figure 6 - Geometric Enlargement Technique
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In order to evaluate the thickness effect, 3.2 mm backup strips were used so that thick-
nesses of 6.4 and 9.6 mm were obtained, in order to simulate a crack depth of 50% and 33-1/3%
respectively. Film-focal and film-object dislances were kept at the same values. Several non-
involved radiographie interpreters reviewed the images to prevent prior knowledge from influencing
the observations. In the 3.2 mm panel both cracks were visible up to a 35° angle. One claimed
40°. In the 6.4 mm panel this was 30°, while some radiographers could only see one of the cracks
up to 25°. For the 9.6 mm panel these values were the same. Reducing these values with 5 ° , the
maximum the cracks could be off normal, will still make them observable between 30° and 20° .

IV. APPLICATIONS

The opportunity to test these laboratory findings in the field came after difficulties
were encountered with both ultrasonic and eddy current tests of an aluminum lug in an aircraft
rudder actuator in which stress corrosion cracking was suspected. The space in that area is limited
and the exposure of the critical area around the bore in this lug had to be made at a film focal
distance of 75 mm. The tube could not be centered completely over the bore. Notwithstanding
this the resulting radiograph showed a large visible crack beside a number of smaller ones, that
had not been detected previously. This success was not obtained at the first try. Vibrations in
the aircraft itself, other aircrcft taking off nearby, etc. made it necessary to clamp the X-ray
tube to the airframe itself, which corrected the problem.

Other applications such as the inspection of the critical welds in the main engine mounts
of the TFE 731 jet engine were very successful and demonstrated the possibilities of high resolution
radiography in hitherto inaccessible areas. This mount is made of Titanium 64L4Vand welded with
a Sciaky electron beam welder. The X-ray system was capable of detecting lack of fusion, as well
as lack of penetration at film-focal distances between 15 and 20 cm with the welds at angles of up
to 20° with respect to the X-ray beam.

The ability to obtain an enlarged image without an objectionable loss of definition made
it ideal for the radiographie inspection of miniature electronic components. Such a case was the
evaluation of bond quality between a silicon chip and its molybdenum base. This device has a size
of 7 x 7 mm, which makes it hard to evaluate the X-ray image. A geometric enlargement technique
was used and the resulting X-ray image was enhanced with a "Datacolor" analog enhancement sys-
tem. This can arbitrarily assign colors to the different densities and also indicate the percentage of
any color or combination of colors in real time. This made it possible to obtain quantitive informa-
tion on the bond quality. In figure 7 the color radiographs of such bonds are shown with green
indicating insufficient bonding.

The microfocus X-ray system Is also used for "in motion" radiography of welded aluminum
structures. It is then mounted on a crawler similar to the ones used in the automatic welding pro-
cess. By shielding the tubehead with 2.5 mm lead and the use of a shielded cone with collimator,
the weight of the rube head was increased to approximately 12 kg. It should be pointed out here,
that the target to film distance was 150 mm, which mode if*e use of a small cone possible. In
figure 8, a sketch of this system is shown.

The continuous exposure is made through a 5 x 25 mm slot on medium speed film. In a
weld thickness of 16 mm a speed of 30 cm per minute was possible, while the sensitivity was 1%
based on the ASTM E 142 - 68 image quality indicator. Increases in inspection speed are possible
through either the use of a shorter target to film distance, a faster film, or increasing the size of
the slot in the collimator. The faster film will lower the resolution, the larger open ing will cause
distortion of the image due to non-parallelism of the X-ray beam. At the shorter target to film
distance for example, to 100 mm sensitivity can still be maintained, though there is a noticable
increase in distortion of the image. This was considered not detrimental to the inspection results.
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Figure 8 - Microfocus X-ray tube for In Motion Radiography.

Radiation hazards associated with radiography are well known, however, the maximum
radiation from this system with the collimator fully closed, is less than 0.1 mR/h. at 10 cm from the
target. During actual operation the highest level is measured behind the f i lm, namely 2.0 mR/hr.
at 1 meter. At the tube side this is 0.5 mR/hr. at 10 cm due to some leakage under lead rubber
shirt placed around the collimator. Failsafe devices are used so that the system cannot be activated
when it is removed from the weld, which makes it possible for most work to proceed normally whiie
the system is in use.

V. CONCLUSION

A quality radiographie image can be made with standard X-iay equipment provided the
design of the X-ray tube is such that omnidirectional radiation is suppressed to : ie greatest possible
extent and size, shape and intensity distribution of the focal spot are such that good resolution is
possible. It appears that a Gaussian intensity distribution offers a real advantage here.

To obtain a very high degree of resolution in order to use f i lm to target distances of 10 cm,
or geometrically enlarge the X-ray image, i t is necessary to use a bias voltage and focus the elec-
tron beam. An almost circular focal spot with "Gaussian" intensity distribution and o dimension of
approximately 0.05 mm can be obtained in this manner.

The use of enhancement techniques is an advantage in specific applications as described
in this paper. In most cases the 'Jigital enhancement is to be preferred over the analog systems,
especially when reviewing radiographs of crack sensitive structures. Though the digital enhance-
ment system does not operate in real time, the 3 minute delay is more than offset by the advantage
of higher iesolution and versatility.
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