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Abstract

Safety is of paramount importance for the storage and transportation of radiopharmaceutical products,
being directly dependent on the radiation shielding material used in specific devices. The focus of
present work, part of a larger project, is to minimize the use of harmful materials, as lead and depleted
uranium, in such devices construction. The radioactive energy reduction varies according to density of
material used as shielding. Because Tungsten has a high density and, implicitly, good shielding
properties without to be harmful, but has poor workability, researches were focused on Tungsten -
copper heavy alloys. The objective of the performed research was the optimization of alloy
composition in order to achieve the best linear absorption coefficient. The studied compositions were
15, 20 and 25 wt.% copper. The linear absorption coefficient was similar either for the green and
sintered compacts, thus the porosity level did not have measurable effect on the radiation attenuation.

1. Introduction

Radiation is a serious concern in nuclear power facilities, industrial or medical x-ray systems.
Preserving both human safety and structural material that may be compromised from radiation
exposure are vital. This is realized by radiation shielding, based

on the principle of attenuation - ability to reduce a wave’s or -
ray’s effect by blocking or bouncing particles through a barrier "Q‘ PN
material [1]. Appropriate equipment, provided with liners or / o
walls from efficient shielding materials [2], e.g. hermetic closed SARES Sthieto

boxes, sharp containers, vials, mobile radiation shields etc.
(Fig. 1) is used for this purpose. Selection of shielding material
must take into consideration the attenuation effectiveness —
depending on the type of radiation, strength, resistance to
damage, thermal properties and cost efficiency [2]. Charged
particles may be attenuated by losing energy to reactions with
electrons in the barrier, while x-ray and gamma radiation are
attenuated through photoemission, scattering, or pair
production [2],[4].

The most used in radiopharmaceutical products are sources Fig. 1. Examples of equipment
of gamma-ray radiation [5]. The gamma-ray attenuation by the used in radiation shielding [3].
shielding (absorber) material follows an exponential law. So,
when a gamma radiation of intensity |y is incident on an absorber of thickness L, the intensity (I)
transmitted through the absorber is given by the exponential relation:

-ue*L
ly =1 -e"™ )

where (ug) is the linear attenuation coefficient (expressed in cm’l) [6]. Its values depend on the
absorber material density, i.e., for the same material has different values function of its state (e.g. bulk
solid, porous solid, smelted, vapours).Consequently, the attenuation property of a material is more
accurately expressed by the mass attenuation coefficient, u = ug/p [cm?/g]. It quantifies the gamma-ray
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interaction probability of a given element, irrespective of its state and, consequently, it is usually
tabulated [7]. In this case, the above relation becomes:

-ug*X) . _ -U*p *L
loo =10+ €™ log=ligp- ™™ )

where pL = X, represents the effective attenuation thickness of the considered material having the
physical thickness L [8]. The ratio Ixx/l) is called the gamma-ray transmission. However, the direct
measurements lead to values of the linear attenuation coefficient, not of the mass one. The reciprocal
of the linear attenuation coefficient 1/u, has units of length and is often called the mean free path. The
mean free path is the average distance a gamma ray travels in the absorber before interacting.The
experiments have shown that the transmission increases with increasing gamma-ray energy and
decreases with increasing the effective absorber thickness (X) and also that the linear attenuation
coefficient (ug) depends on the gamma-ray energy, on the atomic number (Z) and on density (p [g/cms]
) of the absorber [4], [6]. That's why as shielding materials are used especially metals of a high density
and high atomic number, nowadays the most used being lead (p = 11.35 g/cm® and Z= 82, relatively
inexpensive and mouldable into many shapes but of less shape stability) [2],[4], [6], [8] and, more
recently, depleted uranium (p =19 g/cms, Z = 92) [9]. However, both are harmful materials. So, in spite
of their shielding efficiency, the limitation of their use, especially of depleted uranium — more
dangerous than lead - is an important concern of the health and environment protection [4].
Tungsten, having a significantly higher density than both (19.35 g/cm®) and a quite high atomic
number Z = 74, seems to be the best alternative to these hazardous materials. Even if it is more
expensive, its cost can be compensated, to a certain extent, by the smaller physical layer thickness
than of lead for shielding necessary to assure the same attenuation [6]. However, due to the very high
melting point (3422 °C), its obtaining from ores is more convenient as a powder, while its further
processing to bulk metal necessary for shielding possible by Powder Metallurgy (PM) - also difficult
and expensive [10]. Therefore, its use for shielding purposes need an adhesion element to make the
system properly mouldable, e.g. by inclusion in polymers {e.g. T-Flex® W (88% by mass W)} [4], in so
called Lead Free Radiation Shielding [11]}, or in tungsten heavy alloys. Even are more expensive,
they are more efficient, usable for more complex/precise equipment, of a much longer lastingness.

There are several classes of heavy alloys, the main, W-Ni-Fe, W-Ni-Co, W-Ni-Cu and W-Cu [12],
having, beside shielding, numerous other applications [12],[13]. Their manufacturing is possible only
by PM and consists of cold uniaxial / isostatic compaction of powder components mixture to green
compacts, sintered in dry hydrogen or inert atmosphere [14]. The commonly used compositions and
properties are given e.g. in ref. [12], the most used being W-Ni-Fe. Even if their sintering can be
performed in solid state, to obtain the best properties, it must be realized with liquid phase, at 1470 +
1580 °C. Beside densification, a continuous network of nearly spherical tungsten particles embedded
by diffusion in a Ni-W-Fe matrix, along with precipitates of FesW,, Ni;W or [Fe,Ni];Wg along the W-
matrix boundaries form [12],[15], determining the alloy strengthening but also its embrittlement -
decreasing ductility and workability [15]. As the use to radiation shielding devices (see Fig. 1) mostly
require sheets or plates, their obtaining by rolling encounters difficulties [12]. So, W-Ni-Cu alloys, also
cited in [6], of a Ni-Cu more ductile matrix, are preferred. Instead, even in this case, a liquid phase
sintering at over 1350+ 1400 °C is necessary [16], being difficult to avoid compact distortions and Ni-
W precipitates formation - with alloy embrittlement [15].

Beside these impediments, in both cases, liquid phase sintering requires high temperature
furnaces, implying high costs [12], to which must be added those of subsequent working operations.

For these reasons, W-Cu alloys — the cheapest and of highest workability among tungsten heavy
alloys - have been adopted in this first step of investigation. However, since tungsten and copper are
insoluble together, they form rather a composite, not a true alloy [12],[16]. Consequently, they are also
manufactured through PM, by several possible methods: tungsten skeleton infiltration with molten
copper [12], solid state and liquid phase sintering [12]. Beside low productivity, the first allows the
obtaining of small relative densities(30 + 40 %) [12] - not enough for radiation shielding [6]. The
simplest and of highest productivity is, certainly, the common PM route — cold compaction of W-Cu
powder mixture - solid state sintering [12]. However it also cannot lead to much higher densities, while
liquid phase sintering involves inconveniences like the molten Cu leaking from compact or, at least, its
distortion [18]. Numerous researches have been performed to avoid them. Among these must be
mentioned optimization of W-Cu powder mixture from the particle size and homogeneity points of view
[19], of heating mode and of Cu content [20], use of nanocrystalline W-Cu powder — even followed by
the compact spark plasma sintering [21], controlled Mechanical Alloying/Milling to increase the powder
energetic state of and, implicitly, its sinterability [22],[23].This last method — the simplest and, certainly,
cheapest, has been adopted in the present step of researches. So, they were conducted to produce
X%W+Y%Cu composites by PM, alternative to presently used lead and depleted uranium as Gamma
ray shielding materials and to establish their linear attenuation coefficient variation with composition.
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2. Experimental
2.1. W-Cu alloys elaboration

W-Cu compositions considered adequate for radiation shielding but also as having a good
behaviour at solid state sintering, i.e. with 15, 20 and 25 wt.% Cu [4],[12],[ 24] were adopted in this
step of researches, realized using commercial W and Cu powders. Because their characteristics were
not strictly presented by the producer, particle size distribution were analyzed with a CILAS
equipment. The powder mixtures, in sets of the selected compositions, were prepared in agreement to
the above-mentioned selected variant. So, after the component preliminary blending in a Turbulla
blender for 10 min, to increase their energetic state, each mixture underwent a 30 min Mechanical
Milling (MM) in a rotating ball mill, with stainless steel balls of 55 mm diameter, in a powder/ball weight
ratio of 1:5 and rotating speed of mill vial of 90 rpm. Because, due to the difference in hardness, the W
and Cu particles could suffer different flattening/fracturing degrees, to assure a good mixture
homogeneity, after the milling process, the homogenization was continued, again in Turbulla blender,
for 90 min. From the as obtained sets of powder mixtures, three green samples for each composition,
of the nominal diameter 25.4(+/-0.2) mm and thickness of 9.7(+/- 0.2) mm, were axially pressed with
die wall lubrication, on an axial hydraulic press, with 250 MPa and subsequently subjected to isostatic
pressing with 250 MPa to increase compact densities. Sintering of all samples has been performed in
a continuous, belt furnace, in solid state, at 980 °C — a temperature higher than that commonly used
for copper compacts sintering [12] - for 120 min, in a mixture of 90-10 vol. % high purity (class 5.0)
hydrogen-nitrogen atmosphere, at a pressure of 1.1 atm, followed by cooling in the water jacked zone
of the furnace, with a medium cooling rate of ~15 °C/min. The obtained compacts were characterized
in terms of density — necessary in the attenuation coefficient determination - and microstructure.

2.2. Characterization of the obtained alloys concerning properties of radiation shielding

Value of the linear attenuation coefficient can be calculated from relation (1), determining the value
of Iy for a selected value of | and L (thickness of the considered sample). For this purpose, an
experimental set up, based on principle from Figure 2, has been realized. It consisted of a radioactive
co® source of a scintillography detector and an analogue to digital converter for separation power per
channel and counting of photons in each channel (intensity) (Fig. 3).

[ Detector W

-

Source-of060-
collimator-And-
Sample-Holding9

liy=loyet-vet
Where:

Uy (tota) =Utungsten)+ U (Cuyt L (ain)

Detector-

Converter
/ | Power-
/ Supliey,
Gamma-ray ‘ . “ \

Photon-Source
Cof0

Fig. 2. Principle of the experimental  Fig. 3. Experimental set-up realized according to the principle
set up for the linear attenuation from Fig.4.showing the main used equipments and their
coefficient measurement. connection.

The first step adopted for the experimental assay was to measure the maximum emission value of
the radiation source, without absorbing material between the emission source and detector (I/lg = 1).
Subsequently, the obtained set of samples, of selected compositions, were successively mounted in
the specially provided fixture of the equipment and measured the transmitted intensities, (1,).
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3. Results and discussion
3.1. Determination of the actual particle size distribution of the used powder

In Figure 4 are presented determined diagrams showing the actual particle size distribution of the
used powders, while their medium particle size and purity (given by producer) - in Table 1.
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a) Tungsten b) Copper
Fig. 4. Experimental diagrams showing particle size distribution of the used powders.
As can be seen, both used powders have a relatively small medium particle size, being fine
powders, especially tungsten - which contains a notable proportion of smaller particles than the

medium one. Even the medium diameter of particles is bigger at copper powder (Tab. 1), but it is to be

Tablel. The main characteristics of the used tungsten and copper powders.

Powder Medium particle diameter, dsg (ULM) Purity (mass %)
w 16.6 98.0
Cu 29.7 99.9

expected that, during the MM process, will suffer a pronounced flattening and cold hardening, followed
by a certain fragmentation. Concerning purity, it can is satisfactory for both powders.

3.2. Characterization of the obtained samples

The optical images of typical microstructure of the obtained samples are given in Figure. 5. As can

Fig. 5. Optical micrographs of the unetched sample 75W25Cu, of two magnifications.

be seen, they reveal a quite high porosity, with particles that preserved, to a high extent, their initial
dimensions and even shapes. This had to be expected taking into consideration that components are
totally insoluble and Cu content was too small and its powder particle size too big to allow formation of
a continuous matrix, able to encapsulate the W particles. Consequently, the resulted relative densities
have quite small values. Because they determine the linear attenuation coefficient of material, have
been included in Table 3, beside the determined shielding characteristics.




Euro PM2015 - Powder Metallurgy for Current and Future Applications

3.3. Results of the linear attenuation coefficient, (ue), determination

Determination of the maximum emission value (I /lg = 1) without absorbing material between the
emission source and detector (Fig. 6) showed maximum intensity of Co® source in two distinct energy
peaks: peak of 957 photons with 1130 keV of energy and 701 photons with 1330 keV of energy. To
increase the results accuracy, tests were repeated twice at 5 min interval (see Fig.)
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Fig. 6. Free path for Co® radiation emissions in air.

In the graph from Figure 7 one can be visually compared the values of attenuation between the peaks
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Fig. 7. Radiation Intensity absorption function of its Energy, for the adopted sample compositions..

of each sample containing 15%, 20% and 25% by mass of copper with respect to the peak of
maximum intensity (lp). Table 2 shows the intensity values (Iy) for each peak energy, sample
composition and density, along with the calculated values of the linear attenuation coefficients.

Table 2. Determined average linear absorption coefficient function of the tungsten content of samples.

Sample Density, p (glcm3) 1(0) I(L) Ue (cm'l) Energy (keV)
W+15%Cu 50.3 957 358 9.701 1164
W+20%Cu 53.9 963 438 7.864 1145
W+25%Cu 50.7 948 555 6.341 1138
W+15%Cu 50.3 701 207 4.824 1305
W+20%Cu 53.9 712 324 4.107 1302
W+25%Cu 50.7 709 381 3.780 1319

The attenuation data are conclusive, showing that the sample with the larger tungsten content
develops higher attenuation of radiation than the samples with higher content of copper. For the



Euro PM2015 — New Materials and Applications

source of Co® the energy values are close to that which will be imposed against the radiation shield,
for the transportation of the pair of radionuclides **Mo-*"Tc. Thus one can use these experimental
values to obtain more accurately the attenuation coefficient for Mo®°.

4. Conclusions

To improve the solid state sinterability of W-Cu heavy alloys, a much finer Cu powder is necessary,
along with a coarser W powder. Also, a more efficient process of Mechanical Milling, which has to be
performed in Ar atmosphere, using smaller and of different diameter balls, in such a way to get W
particles evenly coated by Cu. Powder mixture compaction must be realized with a higher pressure,
while sintering at a higher temperature and in an atmosphere with a dew point of minimum -35 °C.
Finally, a W-Ni-Cu composition (see, e.g. ref. [6]) would lead to higher densities/shielding properties,
but with liquid phase sintering. Finally, longer expotision times can increase determination accuracy.
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