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ABSTRACT

The purpose of this paper is to describe the prototype of a first generation X-ray
microtomograph for the non-destructive testing of mechanical components. Following a
brief presentation of the system, characterisation tests, the purpose of which is to
highlight the systent's limits and sphere of applicability, are discussed. Some significant
results are then illustrated.

INTRODUCTION

Today, many investigative techniques for non-destructive materials testing are
available. These range from classic strain tests to photoelasticity and from holographic
and moiré interferometry to the use of ultrasounds and X-rays {1-4]. Each technigue has
its own characteristic field of application, accuracy, times and modalities. These
techniques, however, rarely afford the possibility of locating with precision damage
within the volume and it is therefore important to develep testing methods using
tomography (from the Greek romos meaning section). Computerised X-ray Tomography
(CT) consists of the recanstruction of a succession of cross-sections of the object under
examination starting from X-ray pictures taken from different angles [5-6]. CT can be
applied whenever an object is submitted to any form of energy which propagates inside it
following known trajectories, usually straight lines. For example, with interferometric
tomography it is possible to study variations in the refractive index inside a semi-
wansparent object, such as Pyrex [7] or a fluid [8]. By means of X-ray tomography it is
possible to analyse different kinds of materials (metals, plastics, ceramics, composites)
or check the assembly of a complex piece. )

The authors have developed an X-ray microtomography system that allows the study
of objects of small dimensions. In the course of the report, following the descriptidn.of
the system, the results of characterisation tests are presented.

DESCRIPTION OF THE TOMOGRAFH '

An X-ray system (HP FAXITRON model 43855A% suitable for X-raying small
objects (contained within an ideal sphere with a radius of 20 cm) was equipped with the
instruments necessary to create the prototype of a first generation X-ray
microtomography system (Fig. 1). The X-rays travel inside a lead chamber from top to
bottom: the point detector is positioned at the base, roughly 80 em from the source. It
converts the rays transmitted through the object into an electronic signal that can be
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processed automatically. The test picces are arranged cantilever-wise on a handling
system and this limits their weight.
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Fig. | - Block diagram of the detector system

The detector system is composed of :

1) an X-ray tube

2) arotation and translation system
3) apoint detector

4) an acquisition board

5) a 486 dx2 66 computer

The X-ray tube has an adjustable power supply from 15 to 110 KV with a maximum 3
mA current, Tts beam is collimated before reaching the object thanks to a 10 mm hole in a

0.5 cm lead plate and after passing through the object thanks to a 350 pm pin-holc in a2
mm lead plate. It was not possible to use smaller holes both because of collimation
difficulties and because of the limited amount of encrgy reaching the detector.

The rotation-translation system is essentiaily composed of two step motors, one for
rotation (equipped with a reduction gear) with a resolution of 0.15° and the other for

transkation with a resolution of 25 pm and a step precision of £5um, The two steppers
are Ted by a power card interfaced to the control system composed of the PC and the

acquisition card.
The point detector is made up of a silicon photodiode (BPW34). The BPW34 isaP-I-

N with an intrinsic layer of approximately 300pm. The efficiency of the detection device
depends on incident energy and varies from 10% at 20 KeV down to 1% at 60 KeV. The
purpose of the pin-hole above the detector is to decrease the active area and increase
spatial resolution. The interaction of the X photons in the detector produces a charge of
few FCs and it is thus necessary to amplify the signal using a highly sensitive but low-
noise circuit. To this end a preamplifier having discrete components made up of two
stages was constructed. The first stage is composed of a fet and an npn transistor in a
cascode configuration and the second is composed of two transistors in an emitter
follower configuration. The preamplifier outlet goes from the entry of a discriminator
which compares the energy detected by a diode with a suitable reference threshold,
chosen so as to eliminate noise. An impulse (T'TL signal) appears at the discriminator
outlet whenever the energy detected by the diode is above the reference threshold.

The acquisition card (a standard ISA card) is installed inside the PC and allows
control of the handling system and the reading of the impulses coming out of the
discriminator. This reading is synchronised with the feed frequency of the X-ray tube in
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such a way as to ensurc that all detections relate to the same numbers of energy packets
emitted by the source,

The computer contains software that allows control of the handling system (the
rotation and translation setup), of the acquisition system {integration time of each reading)
and a utility performing a pre-analysis of the readings acquired. Data are saved in a file
and transferred to a workstation for processing and tomographic reconstruction,

CHARACTERISATION OF THE TOMOGRAPH

Characterisation of the temograph consists of a series of measurements on well-
defined samples for the purpose of measuring the performance of the system on the basis
of user-chosen parameters [9, 10]. Noise, spatial resolution and contrast were then
measured as a function of energy emitted by the X-ray tube and detection time,

Noise measuremert

When a small region of a piece of constant thickness and homogeneous material, the
signal, which in theory should not vary, oscillates around a mean value. The main causes
of this are the following:

a) emissions from the source are not constant,

b) the behaviour of the detector, which is influenced by
signal temperature and energy,

¢) electronic system noise,

The system now allows modification of the energy emitted by the tube and variation of
signal integration times. By providing for a second detecter it would be possible to
control energy emitted by the tube with time variations, thus irradiating it directly without
going through the object: this would allow the a posteriori correction of the useful signal,
which would be auspicable, especially with first-generation tomographs requiring very
long detection times. Tests, conducted at air temperature on PYC samples of uniform
thickness, were performed at 30, 45 and 70 KV, with detection times of 0.3, 1.0 and 2.0
seconds per point. The ratio between the standard deviation of the signal with respect to
its mean value was measured: noise goes from 0.08% at 70 KV and 2.0 seconds
integration time without the object to 2.3% at 30 KV and 0.5 seconds with a PVC sample
20 mm thick.

Spatial resolution and contrast

An important characteristic of a tomograph is its capacity to isolate small objects inside
a volume. This is connected to both spatial resclution and contrast. As concerns the
former, it is connected with beam size, acquisition step length and energy emitted by the
tube. Medical tomographs today reach a spatial resolution on the order of 0.5 mm, and
systems used in cases of osteoporosis are now capable of resolving to 90pm. As
concerns industrial microtomographs, there are now systeéms capable of resolving to a
few tenths of microns. To measure spatial resolution, the MTF (Modulation Transfert
Function) was calculated on 20 mm thick PVC pieces, with variations in detection times
and energy emitted by the tube. The translation step used was 50 um. After acquiring the
ERF (Edge Response Fuaction, Fig. 2}, a slep signal caused by- the passage from one

" thickness to another was filtered and derived to obtain the LSF (Line $pread Function,

Fig. 3): The Fourier transtform of this function leads to the MTF (Fig. 4) which measures
the system's capacity to reveal quick variations in the signal and which is expressed in
lines per millimetre. Analysis of results has shown that the value of MTF is 0.5 in
correspondence to about 2.5 lines/mm and 0.1 for about 4 lines/mm. These values
remain practically constant both with variations in energy eritted by the tube and with an
increase in integration time, The factor that strongly limits system resolution is the poor



F. Bertolino, G. Galio, F. Ginesu, P. Randaccio 426

collimation of the beam (a pin-hole of 350 um). If we indicate the size of the source with
the letter a, its distance from the object with the letter g, the diameter of the pin-hole in
direct contact with the detector with the letter  and distance between source and pin-hole
with the letter Z., beam width (BW) is defined as the following quantity:

\}q2+[a(M—1) ]2

M

BW = where M=1L/q

It can be demonstrated |9] that the smallest object the system is capable of identifying
must be larger than BW/2 and that the contrast of objccts smaller than BW will be lcss

than the exact value. In our case d=350um, M is clese fo unity and consequently the

smallest object the system can reveal will be farger than 175um.

As concerns contrast, Fig, 5 shows that it wersens with the increase in cnergy emitted
by the tube, going from 67% at 30 KV to 25% at 70 KV. Conversely, signal integration
time has no influence on contras. ‘

We also wished to verify the non-linear trend of X-ray attenuation with an increase in
the thickness of the tcst piece object (beam hasrdening), 2 phencmenon connected with the
polychromatic beam. A piece of PVC cut 5o as to present two thicknesses, 20 and 40
mm, was used. The passage through the smaller thickness reduces the detector count by
48% while passage through the second thickncss, twice that of the former, reduces it by
a further 36%. This is due to the fact that the first thickness stopped the lower cnergies
* and therefore mean beam energy increased. This result shows the necessity of working
with monochromatic beams to supply the tomographic reconstruction algorithms with
significant data and also shows how important it 1s to aveid test pieces whose cross
sections are close to a greatly elongated rectangle.

The final test consisted of the tomography of a hollow PVC pipe 25 mm in diameter
with a thickness of 4.0 mm. Four steel wires of different diameters, from 0.22 mm to
0.4 mm, and a 1.2 mm thick PVC sheath from which the copper wires had been
removed, were placed inside the pipe. 560 linear data were acquired for 25 angles
between 0° and 180° degrees: it took more than 4 hours to record the 14,000 data. To
ensure that the tomography produces good results, it is of the utmest importance to know
exactly the rotation centre of the handling system. This was overcome by acquiring the
attenuation functions at 0° and 180°: the rotation centre represents the position of the axis
allowing superimposition of the two recorded functions. For tomographic reconstruction
we used the GH-MART algorithm, which required a calculation lime of about two hours
for 20 iterations on a Silicon Graphics R4400 workstation (175 Mhz, 32 Mb of RAM).
In Figs. 6 and 7 some of the resuits are given. Fig. 8 shows the reconstruction with the
classic filtered back-projection algorithm [5-61: te obtain good results with this method
many data are needed, and this leads to acquisition times that are impracticable for our
system., On the other hand, calculation velocity and the mermory requirements of this
algorithm are decidedly better than in the case of algebraic techniques. The result of the
tomography is quite significant: despite the noise present in the entire reconstructed
section, it i possible to distinguish many small details, not last of which the hole inside
the sheath, the size of which is no more than some tenths of a millimetre. The steel wires
are quite evident since attenuation is proportiona! to the fourth power of the atomic
number, which is about 12 for PVC and about 55.8 for steel,

Good agreement between the reconstructed image and the real object can be seen. The
following table shows a comparison between the real dimensions of the test piece and
those appearing in the tomographic reconstruction.
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real dimension tomography

(mimy) {mm) -

External diameter 25.0 25.0-254

of PVC pipe
thickness 4.0 3.80 - 4.20
steel wire B
diametor 0.22 - 0.4 045 -0.75
sheath diameter 12 10-14

These results confirm the theoretical analyses [9]. Noise on numerous homogeneous
regions (each containing 100 pixels [9]), assumed values between 7% and 10% inside
the cylinder; they are between 10% and 15%, with peaks around 20%, on the thickness.

To visualise results we developed algorithms capable of isolating characteristic
surfaces inside the tomographically reconstructed volume or, alternatively, of visualising
the entire volume with the volume rendering technique[13, 14].

CONCLUSIONS : o

Characterisation of the prototype of the X-ray microtomograph is still in progress. Up
to now we have analysed PVC test pieces of suitable form and size for testing spatial
resclution, contrast and noise and for finding the most effective energies and times. The
low sensitivity level of the point detector caused quite long acquisition times which, to
protect the X-ray tube, were limited. This lcd to a réduced number of data in the
reconstruction stage. Results are such as to encourage development of the prototype: in
particular, advances in acquisition systems will lead to a great improvement both in
precision and acquisition times. In the near future, we expect to be able to use a new
cooled sensor, about 80 times more sensitive than the one used previously, and this will
mean an improvement in collimation and thus in system resolution.

Also expected in the future is the development of a third-generation tomograph in
-which a scintillator will convert the X-rays into green light visible to a cooled, high-
resolution video camera and whose handling system will be limited to rotation only.
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Fig. 2: Edge Response Function Fig. 3: Line Spread Function
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Fig. 4: Modulation Translert Function Fig.5: Contrast as a function of energy

Fig. 8: Tomography of a cross section with the filtered back_projection algorithm




