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1. INTRODUCTION 

Crystalline metallic materials are typically polycrystalline. The 
orientation of the polycrystals can be random (isotropic) or 
oriented (anisotropic). Crystallographic anisotropy (often called 
crystallographic texture or texture) can be caused by many 
effects, such as unidirectional crystallisation with controlled 
cooling [1]-[5]. In this case, the deviation of the crystals from the 
random orientation distribution is caused by the directionality of 
heat dissipation. In the case of complex-shaped objects, the 
crystallisation texture can also be very complex. Furthermore, 
this texture is non-stable because, in most cases, it is modified 
during the subsequent stages of processing. In contrast, plastic 
deformation, especially the cold forming process, produces a 

characteristic crystalline arrangement and texture. However, 
notable changes are caused by annealing, which follows the 
forming process. One of the great challenges for today's 
engineers is to influence and design the texture of metals using 
appropriate technology. The nature of the existing texture is 
clearly dependent on the metal crystalline lattice, thus on the 
nature and degree of plastic deformation. Depending on the 
temperature of the heat treatment, so-called recrystallisation 
processes can also cause characteristic changes in the texture of 
a given type of alloy. The recrystallised texture is generally 
dependent on the crystal lattice and material properties, but 
several process parameters cause typical modifications. 
Measuring, controlling and designing crystallographic texture is a 
very well-known technique in the industry, as texture formation 

ABSTRACT 
Based on the knowledge of crystallographic texture, the parameters of the metal-forming heat treatment of metallic objects can be 
reconstructed well when conventional technologies (e.g. rolling, deep drawing, etc.) are applied. The characterisation of texture has 
been possible only by using destructive techniques, apart from neutron diffraction. Recently, a non-destructive texture measurement 
method has been developed for centreless diffractometers, providing a new dimension to the examination of archaic objects. In the 
present study, two types of Stresstech G3R centreless diffractometer were used with this new method, which proved it to be applicable 
to both the tabletop and robotic arm-assisted versions of the diffractometer. Although the texture of archaic objects can be revealed 
using this method, the production of these objects cannot be directly deduced from the results, since their manufacturing steps are not 
identical to the metal-forming operations applied today. In this study, workshop-made silver reference samples were produced with the 
help of three silversmiths. Wrinkling, metal spinning and intermediate annealing were applied to the rolled silver sheet with the aim of 
making real-sized silver cups. The workshop-made reference cups were then subjected to non-destructive texture examinations. The 
results reveal the textures developed during the conventional manufacturing steps of silver cups. The obtained information greatly 
assists future research in understanding the pole figures of archaic objects and the reconstruction of their manufacturing technology. 
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can be controlled well by the applied technological processes [6]-
[9].  

The most common representation of texture is the pole 
figure, which is a two-dimensional stereographic projection in 
which the positions and intensities of specific crystallographic 
orientations are plotted in relation to the specimen geometry. 
Stereographic projection is a two-dimensional projection of a 
three-dimensional crystal such that the angular relationships 
between different planes, different directions, and between 
crystalline planes and directions in the crystal can be easily 
identified from the projection. Thus, a stereographic projection 
is an ‘angle-true’ projection in just the same way as a geographic 
atlas is a two-dimensional ‘area-true’ projection of a three-
dimensional globe. The conventional techniques for measuring 
crystallographic texture are based on neutrons [10], X-ray [1]-[3] 
or electron backscatter diffraction [1]-[3], which involve the 
determination of several pole figures and ODFs (orientation 
distribution function) for the investigated materials. The main 
difference between these methods is the size of the examined 
volume and, thus, the number of crystals involved in the 
examination. 

Based on reverse engineering theory, we assume that the 
characterisation of the texture can be used to reconstruct the 
applied technological operation for archaic objects. This logical 
theory has not been widely used in archaeometry because texture 
characterisation, apart from neutron diffraction, could only be 
used in a way that was destructive until last year [11]-[13].  

Neutron diffraction is an excellent test method, especially for 
tomography. There is no other method that provides as much 
information about the inside of objects without causing 
destruction. Therefore, it is also particularly popular in the field 
of archaeometry [14]-[16]. When examining metal objects, 
internal defects often provide information about the 
manufacturing technology [17]-[20]. Examination of bronze 
coins is widespread mainly due to the small layer thickness and 
size of the coins, which allows multiple coins to be illuminated 
simultaneously. It is also easy to detect compositional 
inhomogeneity, which can also be a useful tool in originality 
(genuine or fake) testing. Kockelmann [21] examined 16th-
century silver/copper coins from the Vienna Museum with 
neutron diffraction to determine whether they were original or 
fake. The rolling texture of the tested coins was the original coin 
in the silver and copper phase, while the fake coins differed not 
only in their composition but also in their texture, as they were 
produced primarily by casting.  

The problem with using neutrons is that they have limited 
access to the source and that they also activate the object. 
Furthermore, especially in the case of silver, an isotope with a 
long half-life is formed. [20]. In other cases, isotopes can be very 
useful when used to determine the location of a metal ore [23]. 
Despite the limitations of the neutron source, neutron texture 
studies have been performed on archaic finds. In the case of 
bronze axes and other objects, neutron texture studies have 
provided additional information about the age of manufacturing 
based on the different characteristic forming methods of 
different ages [23]-[26]. The texture formed by different 
manufacturing steps, such as shaping and heat treatment, can 
also be distinguished [27]. In 2007, Artioli [28] studied 20 copper 
axes from the Neolithic to the early Bronze Age from different 
sites using neutron diffraction. Based on this work, the axes can 
be divided into the following groups in terms of production: cold 
forming and subsequent annealing, pure annealed, cast and very 
slow cooling during casting. With the synthesis of ODF (showing 

the orientation of every unit cell within the examined volume), 
details (which had been preserved for more than five thousand 
years) were identified, such as that the cold forming had taken 
place in one or two directions and that it had been applied before 
the annealing heat treatment or directly after casting. In contrast, 
there are few test results relating to the texture of gold [29]. Due 
to the previously mentioned activation problem, there are even 
less examples relating to the examination of the texture of silver 
[21], [30].  

The undoubted advantage of the X-ray diffraction test 
method over the neutron source is that the devices are easily 
accessible, and there are even mobile devices available on the 
market; there is also no activation problem. Conventional 
diffractometers, however, are only capable of accommodating 
small samples. Parallel beam devices are alone in being capable 
of examining smaller objects. An example of X-ray diffraction is 
found for small objects where parallel beam alignment with the 
Göbel mirror can be a solution [31]. Chiari et al. [32] used a 
mobile XRF-XRD (X-ray fluorescence spectrometry combined 
with X-ray diffraction) device to determine the age and 
production steps of museum objects with similar considerations. 
Their article highlights the mobility of their X-ray diffraction 
equipment and its benefits, as well as the growing requirement 
for non-destructive testing using these mobile devices in situ. 
Our experience is similar in the field of archaeometry, namely 
that the laboratory testing of objects is often very difficult, and 
museums prefer on-site measurements primarily because moving 
and monitoring high-value objects requires armed security 
personnel. Because of this need, transportable equipment may 
have advantages over neutron diffraction, in which the neutron 
source is stationary, operates with long exposure times and 
activates the objects.  

In the last two years, a new non-destructive pole-figure 
measurement method for centreless X-ray portable 
diffractometers in modified CHI mode has been developed and 
patented [11] (modified CHI mode refers to the position and 
tilting of the X-ray source relative to the sample). The maths of 
the method, comparison of the centreless measurements with the 
conventional ones and validation process on rolled aluminium 
sheets have been presented in detail in our earlier paper [13]. The 
method has been further developed over the past year, and it has 
been demonstrated that it is also possible to construct a semi-full 
pole figure from data originally acquired during the residual stress 
measurement (reverse modified CHI mode) [13]. A special 
version of centreless diffractometers is robot armed, which is 
also available on the market. In the case of a texture 
measurement, this configuration means that the object does not 
have to be rotated, even on a rotation table, because the 
measuring head performs all the necessary movements. A further 
advantage is that the beam path of conventional diffractometers 
can be achieved (CHI mode) by using a measuring arm originally 
developed for the measurement of retained austenite, and due to 
the centreless configuration, sampling is still not necessary. This 
further expands the freedom of measurement, which is especially 
advantageous when examining unique archaic objects. In this 
paper, the model objects were also measured using a robot 
diffractometer in modified CHI mode, and this measurement 
setup has also been validated.  

A collection of archaic objects, the Seuso Treasure [33], was 
first subjected to an onsite residual stress measurement in the 
Hungarian National Museum to identify the production 
technique. It then became clear that by measuring a pole figure, 
we could get considerably more relevant information. The stress 
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measurement data was analysed to describe the anisotropy 
(specific section of the pole figure) of the perfume box [35]. After 
developing the method, we measured each piece of the Seuso 
Treasure and determined incomplete pole figures. The pole 
figures obtained are not similar to the pole figures of metal 
produced by any of the known industrial metal-forming 
technologies; therefore, model silver objects were produced by 
well-known silversmiths, Tamás Zoltán, Miklós Varga and István 
Kéry. They have a lifetime’s experience, especially working on 
silver. They applied two different methods, metal spinning and 
wrinkling, to produce silver cups, and the pole figures were 
determined from the model objects. In the present study, the 
production of the model objects and their non-destructive pole 
figures are presented. The measured and calculated pole figures 
of the model objects, which have been subjected to well-
documented production methods, will help to interpret pole 
figures of archaic silver objects where the production technology 
is not yet clearly described.  

2. PREPARATION OF WORKSHOP-MADE SILVER REFERENCE 
MODEL OBJECTS 

2.1. Wrinkling cup  

Since silver has excellent formability, most metal-forming 
techniques can be applied to it. However, our metal-forming 
experience based on modern industrial techniques does not 
necessarily help us understand the production technology of 
archaic objects. Fortunately, silver and coppersmiths continue to 
use techniques now that are suspected to have been used in the 
production of archaic objects. Following the silversmiths’ 
suggestion, as a first step, two model cups were produced using 
wrinkling and metal spinning techniques. In both cases, pure 2 
mm-thick silver sheets were used for the model objects with 
dimensions of 120 x 120 mm. First, the silversmith annealed the 
sheets using a gas jet, rolled them on a hand-driven rolling mill 
and cut a disk with scissors (Figure 1). The wrinkling process was 
the following: the base of the cup was marked off on a wooden 
mould with a steel hammer, in the same way as the wrinkles on 
the cylinder. After creating contours and wrinkles, the wrinkles 
were shrunk and hammered from the bottom to the top in 
overlapping circles (Figure 2).  

After hammering, the hardened silver was annealed again 
using a gas jet and cleaned with a hot borax solution, and the 
creation and shrinking of the wrinkles and the annealing was 
repeated twice more to decrease the angle between the cylinder 
and base of the cup. The final hammering was performed on a 

metal anvil (Figure 3). In the last two pictures of Figure 3, the 
finished wrinkled silver cup and the initial sheet can be seen. 

2.2. Metal spinning cup 

The other silver model cup was produced by metal spinning. 
The initial material was the same as in the previous case, a circle-
like disk from a rolled and annealed sheet. Generally, metal 
spinning is performed on a turning-like machine. To mould the 
disk, it is pressed against a formed block on the driver by a tool 
called a ‘spoon’ while the disk is spinning. In our case, the spoon 
was a round-ended steel bar, which pressed the disk from the 
middle to the edge on the formed block. During the metal 
spinning process, intermediate annealing was applied because of 
the extended hardening process of silver. The method for 
annealing was the same as that used during the wrinkling 
procedure. Before removing the prepared cup, the bottom, 
which was conical, was smoothed using a flat steel tool (Figure 
4). The figure clearly shows that the rim of the cup is heavily 
wrinkled. This is because the machining pad was originally not 
optimised for metal spinning. This wrinkled rim was cut off with 
a lathe knife to prevent interference during further examinations. 

The initial sheet with the rolling direction (RD) indicated and 
the model objects prepared by metal spinning and wrinkling can 
be seen in Figure 5. The blue numbered dots mark the measured 
locations of the subsequent pole-figure measurements. 

3. POLE-FIGURE MEASUREMENTS 

The new, reverse modified CHI method was introduced in 
[13], [13] using a Stresstech G3R-type centreless diffractometer 
with a CrKα source, operating with 30 kV tube voltage and 9 mA 

  
 

 

Figure 1. Annealing, rolling and cutting the initial silver sheet.  

  
 

  
 

  
 

  

Figure 2. Initial steps of preparing a wrinkling cup. Creating contours and 
wrinkles and the hammering of the wrinkles. 
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tube current. The  values used were -59° + 59°, with 5° 

increments, and  was chosen as -90…+ 90°, with 5° 
increments. A Stresstech XStress Robot centreless 
diffractometer was also used to extend the theta limitation and 
verify the setup. CrKα radiation was used at 30 kV and 9 mA. 
The measurements were performed using both the {222} and 
the {311} silver plane systems, and defocus correction was 
carried out on the Ag powder. The absorption-corrected pole 
figures were plotted by Origin software. The tests were 
performed on the initial metal sheet (Figure 5a) at two locations 
on the cylinder of the metal spinning cup (lower cylinder - No. 1 
and upper cylinder - No. 2) and at three locations on the 
wrinkling cup (bottom - No. 1, lower cylinder - No. 2 and upper 
cylinder - No. 3). Figure 6 shows the {222} and {311} pole 
figures of the objects, where the texture number increases from 
blue to green to red, and Figure 7 shows the measurements.  

The initial sheet’s {222} pole figure shows a characteristic 
texture. The same character and the homogeneous distribution 
of {311} can also be seen on the bottom of the wrinkling cup, 
but there is only a slight angular rotation between the two poles 
because the test site and the starting point of the pole figure are 
randomly selected. This is, of course, an expected result, as the 
operation, in contrast to the metal spinning, has left the base of 
the vessel almost unaffected. It is important to remember that 
during the operation, the annealing process was carried out twice, 
which was necessary to further deform the object, but it did not 
result in recrystallisation. Recrystallisation is a diffusion-
controlled process that can completely eliminate the effect of the 
previous deformation in the crystal structure if the process is 
fully completed. The lower part of the cylinder further enhances 
the shaping character, while the upper part shows a 
homogeneous character, which may be the result of strong 
multiple hammering alone or combined with softening. The rate 
of recrystallisation is proportional to the degree of shaping, so 
that recrystallisation begins at the top of the cup because of the 
intermediate softening. 

The metal spinning cup’s pole figure shows an image of a 
completely different character. The pole figure of {222} is 
reminiscent of a fibre texture at both the bottom and the top of 
the cylinder. The difference between the two textures may 
indicate the same shaping behaviour at different strains. The 
metal spinning vessel received an intermediate annealing during 
the forming of the metal.  

Comparing the results of the two measurement methods, we 
can conclude that the pole figures obtained with the robot 
diffractometer and the G3R diffractometer are identical. 
 

 

  
  

  
  

  
  

  
  

  

Figure 3. Subsequent steps for preparing the wrinkling cup. Annealing twice, 
cleaning and hammering from the bottom to the top. 

  
  

 

 

  

Figure 4. Preparing a silver cup by metal spinning. 

 

Figure 5. a) The initial sheet and the reference objects: b) metal spinning cup, 
c) wrinkling cup. Blue numbered dots mark the pole-figure measured points, 
while the red arrow indicates the rolling direction (RD). 
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{222} {311} {222} {311} 

    

G3R Robot diffractometer 

Initial silver sheet 

 

    
G3R Robot diffractometer 

Bottom of the wrinkling cup 

 

    
G3R Robot diffractometer 

Lower cylinder of the wrinkling cup  

 

    

G3R Robot diffractometer 

Upper cylinder of the wrinkling cup  

    

    
G3R G3R 

Lower cylinder of the metal spinning cup Upper cylinder of the metal spinning cup. 

Figure 6. Pole figures determined by the G3R and the robot diffractometers in modified PSI mode at different locations on the model objects. 
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4. CONCLUSIONS  

Silver reference cups were produced using metal-spinning and 
wrinkling techniques by silversmiths. The pole figures were 
measured with two types of non-invasive X-ray diffractometer 
setups in reverse modified CHI mode.  

It was concluded that the non-destructive pole-figure method 
is an efficient way to distinguish between metal objects formed 
in different ways. The specific forming modes result in specific 
pole figures. By producing and examining a sufficient number of 
reference materials, the mode of production of archaic objects 
can also be reconstructed.  

The pole figures obtained by the robot diffractometer are 
identical to the figures of the previously validated G3R 
diffractometer. However, further analyses on other materials are 
necessary if the robot diffractometer can be considered as 
validated in modified CHI mode for general texture analysis. 
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