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The finishing techniques of Renaissance bronze statuettes of the Rijksmuseum Amsterdam were

examined using Time of Flight Neutron Diffraction (TOF Neutron Diffraction) at the Rutherford

Appleton Laboratory in Chilton on the diffractometer ENGIN-X. The research focused on the

hypothesis that a bronze sculpture from the Renaissance that seems meticulously finished could have

been cast without any afterworking of the surface using chasing tools. The statuettes with this specific

feature are Willem van Tetrode’s Hercules Pomarius (BK-1954-43) and Bust of Pope Gregory XIV

manufactured by Bastiano Torrigiani (BK-16937). Both of these sculptures date to the second half of

the 16th century. A study of contemporary treatises indicated that casting without chasing was possible.

For comparative results a bronze figure from the beginning of the 16th century, doubtlessly cast and

chased, representing Paris by Severo da Ravenna (BK-1959-4), was equally analyzed. Reference

samples reproducing the techniques involved were manufactured to compare the results with the

original objects. We could prove that both the Bust of Pope Gregory XIV and Hercules Pomarius were

cast and not chased and Paris was cast and chased.
Introduction

Bronze statuettes from the Renaissance are highly valued by

museums and collectors. In the past two decades major museums

and collectors, keeping and exhibiting these kinds of art objects,

have shown that in studying sculptors’ works both the art

historical context and the work’s technical aspects have to be

taken into account to achieve a more accurate attribution.1 From

this perspective an enormous interest has risen around the study

of production techniques, which play an important role in the

debate of authenticity. The research on Adriaen de Vries by

Scholten et al. is an early example where both types of research

are colligated.2 This line of research was continued by Scholten

et al. with the exhibition catalogues on the oeuvre of Willem van

Tetrode,3 and more recently an exhibition catalogue by Allen

et al. both gives a technical description of Andrea Riccio’s

sculptures as well as details his life.4 Previously, Stone published

a thorough study on the technical aspects of bronze sculptures of
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the quattrocento.5 Finally Basset et al. produced a complete

technical study of Adriaen de Vries’ sculptures.6 Almost all of

these studies focused on production techniques using traditional

research equipment, from studies using the naked eye and

microscopical research to X-ray radiography, videoscopy, X-ray

fluorescence spectroscopy—in regard to organic and corrosion

materials covering the bronze also X-ray diffraction, Fourier

transform infrared spectroscopy and gas chromatography-mass

spectrometry. However, in many cases these techniques prove to

be insufficient for studying production techniques, unless taking

a sample of the object is possible. Since these sculptures represent

a high economic and cultural value, sampling of the metal is

ethically out of the question. Currently, more advanced non-

destructive techniques, such as neutron tomography, can be

applied to study objects within the cultural heritage as Van

Langh et al. recently and Scholten et al. have proven.7 As a result

the study of production techniques was greatly influenced and

took a great step forward.

This paper focuses on the finishing techniques, more specifi-

cally chasing, of Renaissance bronze statuettes. The technique of

chasing is based on flattening the surface using a hammer and

iron chasing tool and is considered to be applied on each bronze

after it has been cast and is removed from the mold (Fig. 1). As

a result all casting flaws that may have been on the bronze must

be removed. During a careful study of Renaissance bronzes in the

collection of the Rijksmuseum two bronzes clearly distinguished

themselves. On both Hercules Pomarius (Fig. 2a and b) by Wil-

lem van Tetrode and Bastiano Torrigiani’s sculpture Bust of
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Fig. 1 Tools used in the chasing process.
Pope Gregory XIV (Fig. 3) flashes of metal were found on the

outer surface of the bronze (Fig. 4a and b). In the past these

bronzes have always been considered as cast and chased. Next to
Fig. 2 (a) Hercules Pomarius overview of the sculpture. (b) Details of

the surface of the face expressing the great quality of casting.

Fig. 3 Overview of Bust of Pope Gregory XIV.
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the flashes of metal, the bronze bust of Bastiano Torrigiani was

remarkably thin (approximately 3 mm) and cast with high

precision. This led to the following hypothesis: a bronze statuette

could have been cast in the 16th century with such precision that

no chasing of the surface had to take place. Among specialists in

museums worldwide this possibility is dismissed, since it is

believed that all bronzes once cast, are chased to drive off the

remnants of metal caused in the casting process. In order to

prove our hypotheses, the aforementioned works are compared

with an analysis of Severo Calzetta da Ravenna’s bronze statu-

ette depicting Paris, which was cast and undoubtedly chased

(Fig. 5a and b). The aim of this research was to point out the

characteristic ‘‘strain fingerprints’’ left in the bronze by the

chasing process, which are absent in an ‘‘as cast’’ specimen. Such

a task is impossible using the aforementioned traditional

research equipment. Therefore, in order to study these effects the

statuettes were taken to a Neutron Strain Scanner, specifically the

ENGIN-X instrument at the Rutherford Appleton Laboratory,

in Chilton, UK. To test these ideas and assess the sensitivity of

the technique, two reference samples were manufactured: one

cast and unfinished, the other cast and chased according to the

traditional techniques. As is described in this present work, the

neutron strain scanning technique has proven to be extremely

successful for this type of research, and has demonstrated that

our hypotheses about the production techniques are correct. A

more detailed historical background paper on this subject has

been written from an art historical point of view, which takes into

consideration all previous interpretations. This paper will be

submitted to The Burlington Magazine.
The artifacts and reference samples

The statuette Hercules Pomarius (BK-1954-43), which was

created around 1568 by Willem van Tetrode (1525–1580), depicts
J. Anal. At. Spectrom., 2011, 26, 892–898 | 893



Fig. 4 (a and b) Details of Hercules Pomarius and Bust of Pope Gregory

XIV showing the flashes of metal indicated with the red arrow.
a defiant naked Hercules with club holding the three golden

apples of the Hesperides. The major elements are copper, zinc

and lead as was analyzed by X-ray fluorescence. On his proper
Fig. 5 (a) Overview of Paris. (b) Details of the torso showing the

hammered surface.
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left shoulder, as indicated by the red arrow in Fig. 4a, are

remaining flashes of metal, which should have been removed if

the bronze was cast and subsequently chased.

The sculpture Bust of Pope Gregory XIV (BK-16937) was

presumably cast by Bastiano Torrigiani in 1590–1591. The

steeply tapered bronze figure ends in a putto with a plinth

underneath which holds the inscription ‘GRE. XIV,’ referring to

Pope Gregory XIV who had his short pontificate between 1590–

1591. The most distinctive feature of this bronze is the thin

bronze layer of 3–3.5 mm which is so perfectly finished that past

scholars assumed it must have undergone a meticulous chasing.

A similar flash of bronze, as seen on the Hercules Pomarius, was

detected at the back side of the tiara, where a flash of metal

continues over a pattern which clearly could not have been there

if a finishing technique such as chasing had taken place (indicated

in Fig. 4b with a red arrow). The bronze is covered with a dark,

presumably organic material which was not analyzed. Qualita-

tive analysis using X-ray fluorescence proved that the bronze

consists of the major elements of copper and tin.

Severo da Ravenna was active as a sculptor between c1496–

1543 and he based his Paris figure on classical mythology. The

bronze was cast and heavily chased as is clearly visible in the

rough surface of the bronze which bears clear indentations of the

chasing tools as can be seen in Fig. 5b. The bronze composition

was equally analyzed by X-ray fluorescence, and consists of

copper and lead as the major elements.

The reference samples were produced to correspond to the

composition of Hercules Pomarius and Bust of Pope Gregory

XIV. Samples were cast and cut in two halves, one of which was

left as cast while the other was chased according to traditional

production techniques.7
Residual stresses in chased specimens

Depending on the wax surface, a certain amount of chasing

would have to take place for a final smooth result of a bronze

surface. For this purpose chasing tools, depicted in Fig. 1, could

have been used. The chasing tools would deform the bronze

surface structure in a similar manner to that resulting from shot

peening, as evidenced in our own experiments.8 Shot peening is an

industrial process used in the manufacturing of mechanical

components. It is a mechanical surface treatment procedure

which introduces beneficial residual stresses at the surface of

a component and is widely used to improve fatigue perfor-

mance.9 The process involves bombarding the surface to be

treated with shots of steel, ceramic or glass beads. The process is

schematically represented in Fig. 6a together with a simplistic

representation of the chasing tool.

The origin of residual stresses in shot peening has been dis-

cussed by Noyan and Cohen10 in their excellent introduction to

stress measurement techniques. In a simple model, it is assumed

that a spherical shot will arrive normal to the surface layer of

a flat work piece, plastically deforming these layers. The plastic

strain in the normal direction is produced by the force exerted by

the shot. Since the material is compressed in the normal direc-

tion, in-plane plastic deformation also occurs due to the

conservation of volume. For a large number of shots impinging

randomly on the surface, the plastic deformation in the plane of

the surface is homogeneous. This in-plane plastic strain implies
This journal is ª The Royal Society of Chemistry 2011



Fig. 7 (a and b) Schematic strain effects representing the shot peened

effect.

Fig. 6 (a–c) Schematic presentation of the effect of chasing tools.
a length change in the surface layers. As represented formula-

ically in Fig. 6b, if the surface layer of initial length L0 could be

separated from the rest of the specimen and shot peened (or

chased in our case), the final dimension would be L0 + dL. This

layer is now placed on the rest of the sample (the bulk), which is

still of length L0. In order to match the dimensions of the surface

layer and the bulk, surface tractions F must be applied, as

schematically shown in Fig. 6c. These forces will elastically

deform both the bulk and the surface layer to a final length L,

intermediate between L0 and L0 + dL. These tractions will cause

macro-residual stresses of opposite signs in the surface and in the

bulk volume, with blue arrows representing compression and red

arrows representing tension.

Fig. 7 gives another schematic representation of such forces,

which is better suited to the interpretation of the experimental

results presented later in this work. The elastic strain field below

the surface resulting from these in-plane forces is schematically

shown in Fig. 7a. For the ideal scenario discussed above, the in-

plane strain (3xx or 3yy) is compressive (blue) for the surface layer

and tensile (red) for the bulk. In practice however, the plastic

deformation that occurs on the surface is not uniform, and there

is a gradient in plastic deformation from the surface into the

bulk. As a result, the associated elastic strain field displays

a much smoother transition between the two zones, which is

represented by the dashed black line in Fig. 7a. In any case, it

seems clear that as a result of the plastic deformation of the

surface, a chased specimen should contain an elastic strain field

near the surface, rapidly changing from the surface layers into

the bulk.
This journal is ª The Royal Society of Chemistry 2011
Experimentally, it is easier for neutron strain scanning to

measure the elastic strain that occurs along a direction normal to

the surface rather than along an in-plane direction. Fig. 7b is

a schematic display of the elastic deformation predicted along the

normal direction 3zz, resulting from the in-plane stress field dis-

cussed above. The overall behavior is similar to that expected for

the in-plane strains, but the signs of the deformation have

changed. As a result of the Poisson strain, i.e., the compressive

strain that appears perpendicular to the direction of the tensile

load, the normal strain is in compression where the in-plane

strain is in tension, and vice versa. So, the elastic normal strain

distribution depicted in Fig. 7b is the fingerprint of plastic

deformation of the surface that we hope to find in the present

experiments.
ENGIN-X description

The existence of the residual stresses within the specimens was

assessed using ENGIN-X, the neutron strain scanner diffrac-

tometer at ISIS.11 Recently it has been proven that ENGIN-X

can be effectively used for archaeometric studies by Siano et al.12

As discussed above, inhomogeneous plastic deformation intro-

duces residual internal stresses which result in internal elastic

strains. In essence, neutron strain scanning uses the planes of

atoms as microscopic strain gauges, as elastic strain is evidenced

by shifts of the diffraction peaks due to very small changes in the

distance between crystal planes. Stresses can thus be calculated
J. Anal. At. Spectrom., 2011, 26, 892–898 | 895



back from the measured strains by means of the elastic constants

of the material as shown by Lester and Aborn.13 ENGIN-X is

based on neutron diffraction, a standard technique for non-

destructive strain scanning.14 ENGIN-X uses a polychromatic

neutron beam, and the time-of-flight technique to perform

a spectroscopic analysis of the neutrons diffracted by the

sample.15

In particular, we have analyzed the spectra recorded by two

detection banks placed at �90� from the incident neutron beam

as shown in Fig. 8, which presents a schematic aerial view of the

experimental setup. In this configuration, the volume gauged by

the experiment is a cuboid determined by the intersection of the

incident and diffracted beams, as defined by the use of slits or

collimators. In a typical experiment, the sample is moved across

the beam using a positioning table, and the strain at each location

is defined from the shift observed in the diffraction peaks

recorded by the detector. In the present experiments the sample

was moved along a direction perpendicular to the sample surface,

corresponding to the z-axis in Fig. 8. By moving the specimen

along this line, we explored the strain within a gauge volume

located at different depths from the sample surface. The

measured strain 3 corresponds to the component of the strain

tensor along the direction of the momentum exchange vector q,

located at mid-angle between incident and diffracted beams, as

indicated in the figure. For the configuration presented in Fig. 8,

the north detector samples the normal strain while the south

detector samples the in-plane strain.
Experimental setup

Renaissance sculptures are not industrial samples and cannot be

treated as such, so all research has to be done non-destructively.

The main problem in our case concerns the choice of lattice

parameter in the stress free condition, i.e., the a0 value. In

neutron strain scanning, the elastic strain 3 at each position is

calculated from the change in the lattice parameter a of the cubic

crystal structure (of copper in the present case), 3 ¼ (a�a0)/a0.

Strain is normally expressed in m3 ¼ 10�6. To obtain a reliable

estimation of a0, it is necessary to release the residual stresses,

which is usually done by chopping a small piece from the object.

This option is clearly unacceptable for valuable objects of fine

art. To overcome this problem we decided to replace a0 with an

average of the lattice parameters measured from the surface to

the interior of the sample. Although the absolute value may have

systematic error (consisting of constant shift of the whole strain
Fig. 8 Experimental se
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profile), the shape of the strain profile curve should still contain

the fingerprint discussed in the previous section.

Another rather difficult task was the choice of a trustworthy

measurement spot. The problem that we are faced with is mainly

that a measurement spot should be as flat as possible. This turned

out to be a real challenge given the complex three dimensional

form of the sculpture. The Hercules Pomarius was analyzed on

the spot next to the flash of metal on his proper left shoulder and

a second measurement was taken on his proper left thigh. The

Bust of Pope Gregory XIV was analyzed on his frontal lobe—first

because this was the only spot where a reasonably flat surface is

present, but secondly because should there have been any chasing

on this sculpture, his frontal lobe would be the most obvious

place to look for evidence of it. The Paris figure was analyzed on

his proper right upper leg. Furthermore, the two cast parts were

both measured in a stress free position and also in a chased

position.

The dotted plot in Fig. 9 shows a typical diffraction spectrum

measured for the Paris bronze. The determination of the lattice

was performed through a full-pattern least squares refinement of

the diffraction spectrum, allowing the peak positions to remain

unconstrained according to Pawley.16 For this work Pawley-type

analysis was performed using the computer code GSAS.17 A

typical refinement for the Paris bronze is shown by the solid red

line in Fig. 9. The dimensions of the gauge volume used for these

studies were 0.5 mm � 0.5 mm for the small square cross-section

displayed in Fig. 5, with a height of 5 mm in the direction normal

to the plane of the page.
Results

The results obtained for chased and as-cast (un-chased) reference

samples are shown in Fig. 10a and b, respectively. The typical

uncertainty for all points is 70 m3. The gradient in elastic defor-

mation from the surface into the bulk is clearly visible for the

chased reference, for both the in-plane and the normal compo-

nents of the strain. The signs of the deformation are opposite for

the in-plane and normal strain, with a behavior that undoubtedly

resembles the curves discussed in Fig. 7a and b, respectively. The

transition between tension and compression appears to happen

at around 2 mm depth. By contrast, low strain values without

a clear pattern are observed for the as-cast reference. The strain

values for the un-chased sample are very close to zero: a value of

100 m3 that is very close to the uncertainty in the strain deter-

mination. These results prove that the neutron strain scanning
tup of ENGIN-X.

This journal is ª The Royal Society of Chemistry 2011



Fig. 9 Example of a diffraction spectrum. Dots are experimental data as

acquired on ENGIN-X, the red line is the refinement.

Fig. 10 (a and b) Behavior of the elastic strain in the chased and as-cast

(un-chased) samples. The experimental uncertainty in strain is 70 m3.

Fig. 11 Behavior of the elastic strain on three sculptures The experi-

mental uncertainty in strain is 70 m3. A distinctive ‘‘chasing’’ strain profile

is observed in Paris (a), which is clearly not present neither in Hercules

Pomarius (b) nor in the Bust of Pope Gregory XIV (c).
technique can non-destructively assess the effect of chasing on

bronze specimens.

The measurement of the real artifacts turned out to be quite

difficult due mainly to the uneven shape of the samples and to
This journal is ª The Royal Society of Chemistry 2011
their pronounced thickness which caused a high absorption in

the bulk of the material for one of the two banks, depending on

the orientation of the sample itself. For example, in the case of

Fig. 8, diffracted neutrons arrive on the South detector after

crossing the whole thickness of the sample: absorption

phenomena take thus place making the diffraction pattern

extremely noisy and unreliable for the least-squares refinement.

For this reason, only one bank (the north bank measuring the

normal strain) will be considered in the following results.

Fig. 11 shows the results obtained for the three artifacts: (a) the

figure of Paris, (b) Hercules Pomarius, and (c) Bust of Pope

Gregory XIV. In comparing the behaviour of the strain for the

three artifacts with that derived from the reference sample, we

can argue that the hypotheses raised in Paris about the produc-

tion techniques of the objects are here confirmed. The Paris

shows clear evidence of chasing with a compression on the very

surface followed by a tension in the bulk. The values of the strain

for the Hercules Pomarius and the Bust of Pope Gregory XIV, on

the contrary, do not show any clear fingerprint of mechanical

treatment.

A last comment must be made about the hypothesis involved

in the strain scanning technique. In showing the results in Fig. 11

as elastic strains, we are considering that the spatial changes

measured in the lattice parameter are exclusively due to stresses
J. Anal. At. Spectrom., 2011, 26, 892–898 | 897



within the sample, and that they are not caused by local variation

in alloy composition. In the present work this hypothesis was

confirmed experimentally. Variations in alloy composition were

ruled out by observing that different diffraction peaks, i.e. the

(111) and (200), produced different strain profiles, as is expected

from the elastic and plastic anisotropy of the face-centred cubic

structure of the material.

Conclusions

Comparing the strain patterns between three 16th century

sculptures from the collection of the Rijksmuseum, a forgotten

production technique resurfaced in the study of Renaissance

bronze statuettes. If a sculpture was cast according to traditional

production techniques, it was also possible to cast the sculptures

to such high precision that no afterworking was needed. The use

of neutron strain scanning on Engin-X at the Rutherford

Appleton laboratory has proven to be a powerful tool to test this

hypothesis; here, the sculptures were tested along with recon-

structed samples having the same composition. The results

proved the hypothesis that a bronze sculpture could have been

cast and finished without chasing of the surface.
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