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1. Abstract
The knowledge and the current testing methods 
regarding silver tarnish phenomena are not guar-
anteed to provide measurable evaluations of the 
phenomenon itself. Presently, all the formal and 
suggested tests are unable to demonstrate with any 
certainty what actually occurs, and they are espe-
cially unable to provide objective data. In fact, the 
tests are always carried out using a parallel refer-
ence sample, and so, provide only viewable, empiri-
cal data. Furthermore, the assumption is that once a 
minimum change in the test conditions takes place, 
the results become completely distorted. By follow-
ing a more scientific method this paper will investi-
gate more deeply into our knowledge of the chemical 
interactions that provoke the tarnish phenomena. 
The goal is to provide more trustworthy and repeat-
able data.  

2. Introduction
The main aim of jewelry is its aesthetical features, 
which are greatly diminished when the bright, shin-
ing and sparking metal surfaces undergo corrosion, 
altering the color and the brightness. In the case 
of gold alloys this problem is displayed only after a 
long time and even then it is less perceptible, but 
silver can tarnish quite rapidly and sometimes the 
luster is lost before the item reaches the final user. 
Even though silver tarnish is a very important prob-
lem, it seems we do not have exhaustive knowledge 
of it. While the consequences of tarnish are very well 
known, the same cannot be said for the causes or the 
mechanisms. Also lacking is an adequate method 
for objective evaluation to give measure for the ef-
fects considered. 

This paper has as its final aim to add some tessera 
to help and decipher the whole outline of the phe-
nomena. The corrosion sustained by the surfaces of 
the items is mainly due to the direct contact with 
the external environment, where chemical agents 

can be dispersed and are able to induce oxide-reduc-
tive reactions on the surface of the material. Such 
reactions are therefore responsible for the growth 
of compounds on the metal that  modify the opti-
cal reflection properties of its surface. Particular 
attention was paid to the chemical and metallurgic 
factors that play a fundamental role in silver tar-
nish. In the bibliography you can find several stud-
ies which describe the darkening process of silver 
as a result of a chemical reaction with aggressive 
agents such as sulfur (or its compounds), oxygen or 
chlorine, in presence of enough high relative humid-
ity values. In our daily routine all these chemical 
agents are working together to attack silver, thanks 
to a complex system of reactions. In order to set ad-
equate methods for each one of these trials in the 
research, we carried out separate sulfuration tests, 
high-temperature oxidation tests and tests which 
exposed the samples to light radiation. At the same 
time, the necessity to do an objective measurement 
of the above-mentioned results was developed, as 
will be shown. 

3. Chemical reactions between Silver 
and Sulfur (and its compounds)
Historically, tarnish reactions were identified main-
ly as reactions between silver and sulfur. These take 
place at room temperature and are correlated (even 
if not in an universal manner) to reactions where 
the aggressive agent is oxygen. In literature, several 
studies demonstrated that the sulfur is mainly re-
sponsible for this phenomenon, under the influence 
of hydrogen sulfide. Simply, the reaction between 
silver and sulfur leads to the growth of silver sulfide 
according to the following reaction: 

 2 Ag(s) + H2S →  Ag2S(S) + 2H+ + 2e –                               (1)

E= – 0,03 – 0,059 pH – 0,0295 log P(H2S)

The product of the reaction appears as a very well 
compact and typically yellowish to brownish super-
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ficial layer. 

In truth, since hydrogen sulfide is a weak acid (Ka1 
= 2.5*10-7; Ka2 = 1.6*10-14), it can be present in the 
atmosphere under a dissociated form and therefore, 
to the reaction previously seen we should add the 
following reactions: 

 2 Ag(s) + HS –  → Ag2S(S) + H+ + 2e-                               (2)

E= – 0,27 – 0,0295 pH – 0,0295 log a(HS –)

2 Ag(s) + S –2  → Ag2S(S)  + 2e-                                  (3)

E= – 0,68 – 0,0295 log a(S–2)

Ag2S(s) + H2O  → Ag2O(S)  + S + 2H+ + 2e –                       (4)

E= 1,38 – 0,059 pH

As you can see by the equations for the calculation 
of the potentials E, the reactions can be favored by 
some purposed variations of the pH together with 
some changes in temperatures that directly act on 
the thermodynamic parameters and on the concen-
trations of the reactants [1, 2]. Moreover, as report-
ed in reaction (4), the presence of water may induce 
a further reaction of silver with the formation of 
Ag20.
In the presence of humidity a thin layer of water, 
physisorbated by the surface of the items, might 
promote tarnish connected to the presence of sulfur 
since it can induce the grouth of electrolytic micro-
cells where you can have particular thermodynamic 
conditions, which determinate a high increased of 
the reaction rate. In addition, it should be taken into 
consideration that hydrogen sulfide has a discreet 
solubility in water and so the concentration of this 
acid in the atmosphere can be substantially differ-
ent from what is really in contact with the surface of 
the metal as a film of water. The variation of humid-
ity does not seem to have an appreciable effect of 
the average that silver sulfide film forms; however, 
the presumed function of humidity is to provide a 
preferential means for the transformation of the hy-
drogen sulfide into sulfide, and it aids the presence 
and mobility of these reactants on the surface of the 
metal. [3] 
As already mentioned, sulfur (sulfides vapor) is 
the tarnish agent most significantly present in the 
earth’s atmosphere. Sulfur is also present in com-
pounds such as sulfhydryl compound, sulfates, 
sulfides and organic bisulfite, present in the envi-
ronment as a result of natural processes and the 
anthropogenic activities, so mostly present in urban 
and industrial realities. 

In conclusion, the only presence of polluting ele-
ments in the air is not enough to activate the reac-
tion. Other determining factors, such as humidity 
and temperature, are in fact necessary. Especially, 

the presence of water in the thickness of some atom-
ic layers absorbed by the surface of the metal plays 
the role to favor the kinetic of the reaction, acting as 
a preferential exchange interface for the reactants 
that take part in the corrosion process. In fact, a 
reaction that takes place in a watery environment 
displays minor activation energy when compared to 
the same reaction in a gaseous environment. Also, 
the presence of oxygen contributes to accelerating 
the reaction, and the temperature is favoring the 
kinetic. 
The tarnish phenomenon displays like a process of 
multi-equilibriums, i.e., made of several concomi-
tant chemical reactions and involving different cor-
rosive agents, not all well known. This phenomenon 
is highly connected to the external environment and 
so the entity of the color variation of the silver items 
and the speed of growth of the tarnish film, should 
be analyzed by taking into consideration the envi-
ronment where the phenomenon is observed. 

4. Evaluation of the phenomena
As seen in the previous section, the formation of tar-
nish is favored by the presence in the atmosphere of 
sulfur or sulfur compounds and depends on environ-
mental parameters such as relative humidity and 
the temperature. It is displayed as discoloration of 
the piece due to the formation of silver-based com-
pounds on the surface. Physically, the formation of 
such compounds takes a variation of the original 
dielectric constant of the material surface. This con-
stant, related to the chemical-structural character-
istics of the material itself, rules the propagation of 
the light radiation in the material itself. In other 
words, the formation of the tarnish film modifies the 
ratio between reflectance and transmittance of the 
electromagnetic radiation that affects the material 
itself; therefore, such variation is perceived by the 
human eye as a variation of the color. 
In the past, to quantify the tarnish phenomenon on 
silver items, several types of tests were set up. These 
were based on the use of sulfur-derivate compounds 
as hydrogen sulfide, sodium sulfide or thioacetamide 
(CH3CSNH2). The items put in contact with solu-
tions, or vapors, containing such compounds display 
an evident color change in a short amount of time. 
Such test typologies were therefore called acceler-
ated tests. 
Our R&D Lab adopted the same type of tests to 
evaluate the resistance to tarnish of a silver alloy. 
They are very aggressive tests that in a very short 
amount of time can drive very evident tarnish dis-
coloration, which would be totally unacceptable for 
an ornament. In face in our case, the yellowish color 
is already enough to reject the item. From here on, 
the necessity to set up a method which displayed a 
higher sensitivity during the first phases of the ag-
gression, i.e., be able to perceive the minimum color 
toning of the surfaces, became fundamental. During 
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this sulfuration test (in any case to be considered an 
accelerated test) you could detect the progression 
of color changes caused by tarnish with the naked 
eye as the samples were inspected at set and regu-
lar time intervals. The test therefore did not provide 
direct information on the real life estimation of the 
samples, but on the other hand, the results were 
used only as a direct comparison with a comparable 
material generally made of an alloy 92.5Ag7.5Cu. 
The trial was then interrupted when also the most 
resistant sample began to vary its own color. 

Here following we report the method we set up, be-
ginning from EN ISO4538: metallic coatings – Thio-
acetamide corrosion test (TAA test).

The reaction chamber consisted of a transparent 
glass desiccator with a watertight cover and a capac-
ity of 11 liters. The test pieces were 28mm diameter 
disks. We produced a highly reactive atmosphere in-
side the chamber with a mixture containing 20µl of 
20% ammonium sulfide in 120ml of de-ionized water. 
We used a  non-ionic surface-active agent (Sodium 
Lauryl). We deposited 60ml of the prepared solution 
in the bottom of the desiccator. A 240mm diameter 
perforated porcelain plate was used to deliver evenly 
defused vapor to test pieces. This prevented the test 
pieces from directly touching the solution. We placed 
a 200mm clock glass at the center of the perforated 
plate and at the very end a rack to hold the sam-
ple. The temperature was kept constant at 20±5°C 
(68±9°F). We observed the samples and took note of 
the color changes every 10 minutes. The test had a 
total time of 40 minutes. The onset of color change 
and the speed of the tarnish evolution had to be pre-
cisely observed. During the test, the chamber could 
be opened, but only for the time needed to closely 
observe the samples. At the end of the test, the sam-
ples were removed from the chamber, washed using 
de-ionized water and dried with an air jet to stop the 
reaction from advancing. Furthermore, the sample 
could only be handled with clean tweezers and not 
touched with bare hands to avoid adversely influ-
encing the test. It should be noted that this method 
did not keep the relative humidity and the sulfur 
concentration constant, although these parameters 
tended to saturate in about 40 minutes after cham-
ber closure. The room temperature in the laboratory 
of 25°C (77°F) was considered to be constant for the 
whole duration of the test. 
Following what is described above, we reported the 
color of the various samples after different times 
from the beginning of the test (for example, the 
straw yellow or intense yellow or brown, etc.) in 
order to compare the resistance to tarnish by color 
variation. After several trials, we understood that 
the use of such method to characterize the samples 
behavior is subjective and widely influenced by the 
human variable. 

Due to the complexity of the phenomena, a visual 

evaluation and therefore a subjective one, might 
take to erroneous conclusions. The human eye is also 
not sensitive to small variations of color and bright-
ness, and is able to perceive only a limited part of 
the entire spectrum band. Moreover, visual evalua-
tion is influenced by several external factors such as 
variation of environmental light up and to the com-
petence and sensitiveness of the visible perception of 
the operator. So it was determined that trustworthy 
results could only be achieved if objective and repro-
ducible measurements could be obtained. 
Naturally, our desire was to find a scientific method 
that allowed for the precise evaluation of the tarnish 
discoloration and therefore, a scientific instrument 
that could detect the minimum color variations was 
needed, such as a spectrophotometer. The spectro-
photometer allows converting the reflectance spec-
trum (from 360nm to 780nm) into CIELab colori-
metric coordinates with a resolution equal to 0,01% 
of reflectance. The analysis of the color variation due 
to the tarnish was done, thereby quantifying the 
variations of the colorimetric coordinates L*, a* e b*, 
calculated by the direct acquisition of the reflectance 
optical spectrum [2]. 
Three series of tests were carried out to evaluate the 
repeatability of the results and also the efficiency of 
the use of a spectrophotometer in this kind of tests. 
The samples prepared were 28 mm diameter disks 
with a composition as reported in the following Ta-
ble1. 

Sample Ag (‰) Cu (‰) Zn (‰) Si (‰) Altri (‰)
1 930 70 - - -

2 1000 - - - -

3* 930 70 - - -

4 930 43 10 2 15

*Copper - 930‰ Silver alloy with a surface deposit of Silver ob-
tained by galvanic processes  

Table 1 – Compositions of the alloys analyzed in millesi-
mals (‰).

The various samples were prepared using pure ele-
ments that were pre-alloyed and then cast into an 
ingot mold at 1000°C (1832°F), followed by rolling 
and cutting. 

To guarantee the highest surface homogeneity 
among the samples, we decided to do a mechanical 
polishing using a lapping machine. In fact, hand pol-
ishing would not grant the same surface finish for 
all the samples and this might dramatically influ-
ence the test result. A first reading was made with 
the colorimeter after the samples were washed with 
de-ionized water followed by an acetone rinse and 
drying. They were then placed in the reaction cham-
ber (desiccator) where a diluted solution of ammo-
nium sulfide was placed. At set intervals of 10, 20, 
30 and 40 minutes, the samples were taken from the 
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chamber to carry out the colorimetric analysis. In 
this way we succeeded in obtaining different sets of 
colorimetric coordinates for different moments of the 
tests. The colorimetric coordinates measured dur-
ing the test were referenced to the beginning values 
measured for each sample undergoing the test, in 
order to calculate the variation.
 
The choice to insert four samples of different compo-
sition at the same time (reported in Table 1) in the 
reaction chamber and to take them out together was 
basically made to minimize the perturbations inside 
the chamber itself. 
We especially aimed to: 

Maintain the most uniform surface-reactant ad-• 
sorbed system; 
Eliminate the “waste-times” connected to the • 
phenomenon of superficial chemisorbating; 
Obtain a trend which simulates at best the real • 
kinetic of the tarnish reaction. 

The trends of the changes of the coordinates ∆a* and 
∆b* and the luminosity ∆L* are reported, in absolute 
value, in the graphs of Figures 1, 2 and 4.

Figure 1 - Values Δa* detected by the sulfuration test.

 

Figure 2 - Values Δb* detected by the sulfuration test

The values ∆a* and ∆b* display a rising trend al-
most until the end of the test, but in the last min-
utes it seems they suffer a regression. In truth it 

is an effect deriving from the theory on which the 
colorimetric space is built. Each one of the two coor-
dinates (a* and b*) represents two colors: green and 
red for the coordinate a*, blue and yellow for the co-
ordinate b* (see Figure 3). An increase, for example 
of the coordinate b*, represents a coloration towards 
yellow, while a reduction of the coordinate b* repre-
sents a coloration towards blue. This is why, in the 
first phases of the test, when the samples begin to 
turn yellow, you can notice a marked increase of b* 
coordinate, while at the same time a* increases a 
little, giving a color that, as time goes by, tends to 
reddish. So by analyzing the trends of ∆a* and ∆b* 
it is normal to see a reduction of such parameters, 
even if the reaction is still in progress. 

 

Figure3 – View of the colorimetric space defined by the 
coordinates L*, a* e b*.

A parameter that displays a monotonous trend 
throughout the test long is ∆L*. It represents a vari-
ation of luminosity, i.e., the quantity of light reflect-
ed by the samples. This is due to the opaque nature 

of the surface, as you can notice in Figure 4. 
One of the aims of this job to correlate the general 
trend of the reaction to a unique parameter to quan-
tify the spectrum variation of the sample itself. Even 
though ∆L* has a trend which might be traced back 
directly to a physical phenomenon, it does not take 
into consideration the color change on the plane a* 
b*. It should also be noted how the dispersion of data 
is increasing with the increased time of exposure to 

an aggressive environment.
This can be explained due to the fact that once the 
first yellowish film uniformly covered the samples, 
the reaction proceeds in a more inhomogeneous 
manner. In fact, some reddish spots begin to appear 
on the surface of the samples, and they tend to grow 
until covering the whole surface. This is evident es-
pecially in Sample 1, i.e., the sample with the higher 
trend to form superficial spots. As you can notice in 
Figures 1, 2 and 4, ∆a* and ∆b* are the parameters 
mostly involved by this dispersion, while ∆L* is less 
influenced, since it is related to the quantity of light 
reflected. This aspect, together with the handiness 
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of a unique parameter, led us to use ∆E as a term of 
comparison. Its mathematical definition is the fol-

lowing: 

                             (5)

 

Figure 4 - Values ΔL* detected by the sulfuration test.

In small words, ∆E represents the length of the vec-
tor of the colorimetric movement in the color space. 
Its increase is directly and contemporaneously cor-
related to the color and luminosity variation of the 
sample. As a consequence, the higher its value, the 
higher the reaction of the sample will be with the 
external environment. Moreover, it represents a 
minor data dispersion for a long amount of time if 
compared to the one detected for ∆a* and ∆b* (see 
Figure 5).

While analyzing the data, we thought also of using 
spectrum curves obtained with the help of the colo-
rimeter as a further source of information to quan-
tify the tarnish phenomena. However, the variation 
of the reflectance curves does not involve the whole 
optical spectrum analyzed and so it is difficult to cor-
relate the growth of the tarnish film with a unique 
spectrum wave length. Therefore, the study of these 
curves does not add any more details to those al-
ready provided by the analysis of the colorimetric 
coordinates and for that reason we report here only 
one example related to Sample 4 just to complete 
the information (Figure 6).

 

Figura 5 – Valori ΔE rilevati nel test di solfurazione

 

Figura 6 – Curve spettrali relative a Sample4 per il test di 
solfurazione

5. Damage induced by light radiation
The idea for this part of the job was actually given 
by daily routine. It is pretty common that the pieces 
made of silver alloy that stay tarnish-free for a very 
long time, once placed in a shop window, begin to 
tarnish in a few days’ time. Light can cause signifi-
cant damage for many different types of materials. 
This process can degrade the physical appearance 
and aesthetic appeal of silver, due to a loss of bright-
ness and discoloration on the surface of the pieces 
themselves.

It is possible to divide electromagnetic spectrum into 
ultraviolet (UV), visible light (Vis)  and infrared (IR). 
The wave length of infrared radiation is higher than 
760nm, while the wave length of ultraviolet light is 
less than 400nm. Visible light can be perceived with 
the naked eye and its wave length falls between IR 
and UV light. To understand how the electromag-
netic radiation might provoke photo-degradation 
phenomenon on the various types on sub-layers, we 
should take into consideration the quantum theory 
and chemical interaction. Briefly, we can explain 
the phenomenon by saying that the incident radia-
tion, if absorbed by the material, might induce (with 
suitable limitations, ruled by precise selection rules) 
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transactions among the different electronic levels of 
the atoms or the molecules composing the material. 
In case of UV-Vis radiations, these transactions es-
pecially involve the molecular orbitals of unsaturat-
ed or aromatic substances, or atoms with electronic 
doublets available. Light radiation of higher energy 
(UV) might also provoke scissions among the chemi-
cal bonds inside the molecules themselves, since the 
energy associated with such electromagnetic waves 
is comparable to the energy possessed by the chemi-
cal bond itself. Instead, the radiations with wave 
lengths that fall into the visible spectrum generally 
provoke the passage of electrons from a fundamen-
tal stage to an excited one, i.e., a redistribution of 
the electronic population among the various ener-
getic levels of the atoms or the molecules making up 
the material. 
The absorption of the IR radiations, characterized by 
a minor energetic content if compared to the visible 
radiations, causes instead transactions among the 
vibration stages of the molecules taking to stretch-
ing or bending incident of the chemical bonds. It 
should be remembered that the infrared spectrum 
of a molecule depends on two factors, the mass of the 
atoms bonded and the rigidity of the bond, and this 
is characteristic of each single chemical compound. 
The increase of vibration energy of the molecule in-
duced by the absorption of infrared radiations also 
causes an increase of temperature of the system it-
self. 
This brief explanation is helpful for the reader to 
know how the light radiation absorbed by a mate-
rial might induce energetic variations of the atoms 
and molecules constituting the material itself in 
ways that are in function of the energy associated 
to the electromagnetic radiation. The absorption of 
a determinate light radiation is strictly correlated 
to the chemical structure of the material and can 
therefore favor, through the absorption of energy, 
the occurrence of determinate chemical reactions 
causing some macroscopic chemical-physical modi-
fications of the structure of the material. The higher 
the absorbed energy (UV radiations) of the photon, 
the higher is the chance for electronic transactions 
associated with breaking the chemical bond. This 
takes place also with radiations that fall into the 
infrared spectrum, but with a different mechanism, 
since the increase of temperatures associated with 
the absorption of the IR radiations involves a reduc-
tion of the activation energy of the chemical reac-
tions (thermal degradation). According to this, it is 
possible to think that the absorption of the IR ra-
diations work as a “catalyst” for chemical processes 
photo-assisted by radiations of higher energy, for 
example UV radiations. The sunlight, which com-
monly heats us, is made essentially of wave lengths 
higher than 300nm, so it includes the region from 
ultraviolet to infrared. The ultraviolet spectrum can 
be divided into close UV (380-200 nm) and far UV 
(200-10 nm). The range of the UV wave lengths is 
further divided into UV-A (400-315 nm), UV-B (315-

280 nm) and UV-C (280-10 nm). The sun gives off 
very intense radiations in the UV-A and UV-B spec-
trum, but this is absorbed by oxygen and ozone pres-
ent in the stratosphere. These molecules constitute 
a natural shield against the noxious action of these 
ultraviolet rays. 

The study of the photo-degradation activity induced 
by light radiation can be interesting, if you consider 
that silver items on display in shop windows are 
exposed for long periods to different systems of il-
lumination (direct sunlight, incandescence lamps, 
fluorescents lamps etc.). At the same time, the light 
radiation is increasing the reactivity of the pollut-
ing agents present in the atmosphere and in contact 
with the silver items.
 
To quantify the photo-degradation experience in-
duced by light radiations on silver in shop windows, 
it is necessary to choose a light source as a reference. 
Due to the different types of light sources available 
on the market (incandescence lamps, fluorescents 
lamps, mercury vapors lamps etc), a good choice 
seems to be a Xenon lamp. The spectrum of emis-
sion of this lamp contains all the spectrum of the 
lamps commonly employed and simulates the spec-
trum of sunlight very well (with the use of specific 
filters). The spectrum of this lamp contains varia-
tions of wave length higher than 290nm. The spec-
trum width covers therefore a range that goes from 
UV radiations to those falling close to IR. 

6. Ageing test by light radiation
To simulate the behavior of silver items in the shops 
windows and to evaluate an eventual connection 
between light radiation and the superficial tarnish 
event, we decided to proceed with a series of tests 
where silver items underwent high intensity light 
radiations. This sort of test is used especially in the 
polymeric materials and the leather tanning in-
dustries to evaluate the resistance to light of those 
products and they are well known as ageing tests 
or Xenotest. Xenon lamp test chambers equipped 
for the control of incident light radiation intensity 
and temperature are used for this type of test. Tests 
made with the help of such instrument allow ac-
celerated simulation of damage produced on items 
after a long exposure to direct sunlight. Moreover, 
ASTM and ISO standard are applied to such tests 
made on materials such as polymeric films, paints, 
clothing and leathers. The same four alloys analyzed 
during the sulfuration test underwent the Xenotest; 
of course a similar process was used to prepare the 
samples. We think in fact that the presence of a light 
radiation could indirectly influence the kinetic of 
these reactions, favoring the formation of superficial 
deposits responsible for the tarnish discoloration 
on silver items. The disks were lapped to a uniform 
high polish. The samples were then washed using 
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de-ionized water and acetone and dried before colo-
rimetric analysis was done.  

Figure 7 –The instrument Q-Sun Xe1B used for the ageing 
tests.

After a series of trials at different energies, aimed to 
understand the function of the instrument and es-
tablish suitable parameters for our test, we settled 
on an irradiation intensity generated by a Xenon 
lamp of 1,4 kW/m2. The intensity of irradiation is 
measured with a radiometer set at a wave length 
of 420nm. A “daylight filter” was used between the 
lamp and the samples to simulate the spectrum of 
direct sunlight. The sun constant is the quantity 
of radiation reaching the earth for unit of surface, 
measured on a plane perpendicular to the rays at 
the earth’s upper atmosphere. The most recent mea-
surements made with the help of satellites supply a 
value of 1366 W/m². This enormous quantity of ener-
gy does not entirely reach the earth’s surface. In fact 
40% of the radiation is absorbed or reflected by the 
clouds and 15% is absorbed by the air; so only 45% 
reaches the ground. As a consequence, the choice to 
use a radiation equal to 1,4 kW/m2 represents the 
worst condition possible. 

The instrument allows also temperature control in-
side the chamber by a sensor called a “Black Body 
Panel”. The temperature as measured on the “Black 
Body Panel” was kept constant at 60°C (140°F) for 
the duration of the test. The temperature control 
in the chamber is precise even though there is a 
slight difference between the black body  and the 
samples due to their different thermal properties. 
To guarantee a constant temperature, the instru-
ment is equipped with forced ventilation by dissi-
pating heat generated by the Xenon lamp with room 
air and keeping the temperature of the black panel 
constant. However, it should be taken into consid-
eration that the sensor is a black body and due to 
this, it absorbs all the radiation hitting it, while the 
samples would reflect some portion of the radiation 
hitting them and therefore absorb less energy and 

not bbe quite as hot. 
The test made in our lab lasted 96 hours. During this 
period of time, the samples underwent a daily colori-
metric analysis to evaluate the color variations. 
According to the results obtained with the sulfura-
tion trials, we decided in this case to evaluate only 
the variations of the L* coordinate, carrying out an 
analysis on the vectorial motion of this coordinate 
(Figure 8). We also took the value of ∆E into consid-
eration as a significant parameter (Figure 9). 

Figure 8  - Value ΔL* detected during Xenotest.

 

Figure 9 - Values ΔE detected during Xenotest.

As you see in Figures 8 and 9, the samples exposed 
to Xenotest might be distinctly divided into two 
families: samples with a pure metal surface (Sample 
2 and 3) and samples made of alloy (Sample 1 and 
4). The alloy samples probably evidenced a higher 
resistance to this ageing test due to the less silver 
concentration on the surface. This trend becomes 
evident in tests lasting more than 60 hours. To give 
a better idea of the difference, it is necessary to note 
that ΔE for less than 4-5 units hour is hardly percep-
tible to the naked eye. So this can be considered the 
limit at which an item is understood to have a color 
still aesthetically acceptable. The curves elaborating 
the data collected display complex trends that are 
well-suited to describe the kinetic of more concomi-
tants reactions. 
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7. Oxidation at high temperature
Even though jewelry items are not subjected to high 
temperature oxidation during their daily use, high 
temperatures are a common part of the production 
phases. We decided to explore this aspect to complete 
and improve the knowledge of another type of corro-
sion phenomenon and to characterize the whole be-
havior of the items made of silver alloy. Usually the 
items made of silver alloy are not particularly sub-
jected to oxidation phenomenon at environmental 
temperature. Silver, being a noble metal, displays low 
affinity to oxygen in normal use conditions. Even at 
high temperatures (T>200°C or >392°F), silver keeps 
its high resistance against oxygen, but since there is 
the presence of alloying elements in sterling silver al-
loys, the heat increases the kinetic of oxidation of the 
other elements. Therefore, the result is the formation 
of a layer of oxide on the surface of the items. A practi-
cal example may be the one of a traditional 93Ag7Cu 
alloy. When the items produced with this alloy have to 
undergo heat treatments at high temperature (700°C 
or 1292°C) during the production phase, they will be 
covered by a thick and dark copper oxide layer. Tak-
ing this as a clue, we decided to exactly simulate the 
process in question.
For this test we used the same four samples as per 
the composition reported in Table 1, prepared in the 
same way. The samples were put in a muffle kiln and 
extracted at pre-set time intervals for observation at 
the SEM microscope. We observed the samples before 
being put in the kiln and after 5, 30, 60, 120, 240 and 
360 of heat treatment. In the case of oxidation at high 
temperature, we did not take colorimeter measure-
ments because a dark oxide layer was formed more 
or less instantaneously or did not happen at all. The 
difference in behavior of the four samples can be ap-
preciated by comparing the pictures displayed in Fig-
ure 10. 

Sample1 – 1 ora Sample2 – 1 ora 

Sample3 – 1 ora Sample4 – 1 ora  
 
Figura 10 – Campioni dopo prova di ossidazione ad eleva-
ta temperatura (700°C per 1 ora)

I campioni 2 e 3 che presentavano una superficie 
composta di argento puro, come previsto, non hanno 
subito variazioni di colore, se non una leggera perd-
ita di brillantezza. Anche il campione 1, lega Ag/Cu 
tradizionale, si è comportato come previsto, ovvero 
ossidandosi immediatamente una volta posto ad 
alta temperatura. Si può invece considerare positi-
vamente anomalo il comportamento del campione 
Sample4. Trattandosi infatti di una lega a base Ag/
Cu, poteva essere preventivabile una marcata os-
sidazione del rame con conseguente annerimento 
della superficie. Anche dopo 6 ore di test, invece, 
la superficie ha subito solo una leggera opacizzazi-
one, mostrando dunque un comportamento simile ai 
campioni 2 e 3. 
La mancanza di una misurazione colorimetrica 
diretta ed il comportamento del campione 4 ci hanno 
spinto ad osservazioni approfondite di questo fenom-
eno tramite l’utilizzo di un SEM in modo ha acqui-
sire maggiori informazioni riguardanti la morfologia 
e la composizione superficiale dei campioni.

8. SEM observations
Following are the images (Figures 11-17) obtained 
using the SEM microscope of the several samples: 
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Osservazioni al SEM 
 
Si riportano di seguito le immagini (Figure 11-17) ottenute al microscopio SEM dei vari 
campioni: 
 

Sample2 Sample3 

Sample4 Sample1 
 

Figura 11 – Immagini SEM dei quattro campioni prima della prova di ossidazione

Figure 11 – SEM images of the 4 samples before the oxida-
tion test
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Sample2 (400x) Sample2 (2000x) 

Sample3 (400x) Sample3 (2000x) 

Sample4 (400x) Sample4 (2000x) 

Sample1 (400x) Sample1 (2000x) 
 

Figura 12 – Immagini SEM dei quattro campioni dopo 5 minuti a 700°C 

 

Figure 12 – SEM images of the 4 samples after 5 minutes 
at 700° (1292°F)
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Sample2 (400x) Sample2 (2000x) 

Sample3 (400x) Sample3 (2000x) 

Sample4 (400x) Sample4 (2000x) 

Sample1 (400x) Sample1 (2000x) 
 

Figura 13 – Immagini SEM dei quattro campioni dopo 30 minuti a 700°C 

Figure 13 - SEM images of the 4 samples after 30 minutes 
at 700°C (1292°F)
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Sample2 (400x) Sample2 (2000x) 

Sample3 (400x) Sample3 (2000x) 

Sample4 (400x) Sample4 (2000x) 

Sample1 (400x) Sample1 (2000x) 
 

Figura 14 – Immagini SEM dei quattro campioni dopo 60 minuti a 700°C 
Figure 14 – SEM images of the 4 samples after 60 minutes 
at 700°C (1292°F)
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Sample2 (400x) Sample2 (2000x) 

Sample3 (400x) Sample3 (2000x) 

Sample4 (400x) Sample4 (2000x) 

Sample1 (400x) Sample1 (2000x) 
 

Figura 15 – Immagini SEM dei quattro campioni dopo 120 minuti a 700°C  
Figure 15 – SEM images of the 4 samples after 120 minutes 
at 700°C  (1292°F)
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Sample2 (400x) Sample2 (2000x) 

Sample3 (400x) Sample3 (2000x) 

Sample4 (400x) Sample4 (2000x) 

Sample1 (400x) Sample1 (2000x) 
 

Figura 16 – Immagini SEM dei quattro campioni dopo 240 minuti a 700°C 
Figure 16 – SEM images of the 4 samples after 240 min-
utes at 700°C  (1292°F) 
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Sample2 (400x) Sample2 (2000x) 

Sample3 (400x) Sample3 (2000x) 

Sample4 (400x) Sample4 (2000x) 

Sample1 (400x) Sample1 (2000x) 
 

Figura 17 – Immagini SEM dei quattro campioni dopo 360 minuti a 700°C Figure 17 – SEM images of the 4 samples after 360 min-
utes at 700°C (1292°F)

As evidenced in the pictures show in Figures 11-17, 
the heat treatment causes a distinct crystalline pat-
tern to be formed on the surface of Sample 2 that 
became progressively more distinct with increased 
heat treatment. In any case, even after 6 hours, de-
spite a certain increase of the roughness (maybe re-
sponsible for the loss of reflection), the surface qual-
ity is still high. 

The images of sample 3 show that after the first 
heat-treat period the surface suffered a higher deg-
radation, with cavities forming and micro-roughness 
on the surface caused by the growth of raised crystal-
line grains that takes to elevate phenomena of micro-
roughness on the surface itself. This phenomenon is 
due to the presence of defects in the superficial layer 
(almost 2μm) deposited by galvanic plating. Pre-
sumably the heat caused by micro-bubbles of gas to 
expand, creating the so-called porosity. The occur-
rence can be traced to the presence of galvanic bath 
additive residuals that remain embedded during the 
deposition of the metal. It is interesting that well-
defined granular regions that were formed in the 
early stages of heat treatment become coalesced over 
time and the porosity caused by the explosion of gas 
bubbles is mostly repaired. Even in this case, apart 
from a certain increase in roughness, which creates 
light diffraction phenomenon, the surface quality is 
not compromised. 

As expected, SEM analysis of Sample 1 shows the 
surface before the heat treatment has zones made of 
different composition (darker zones) where we found 
a higher presence of copper. This superficial micro-
structure is the result of micro-segregation typical of 
an alloy that generates a bi-phase structure. Even 
after only five minutes at high temperature, a no-
ticeable oxide layer presents an irregular and porous 
surface that seems to get worse with extension of 
heat treatment time. The morphology of such film is 
totally compatible to the one of an oxide. In this case 
we noticed the dark grey copper oxide (II), and some 
red cuprite oxide areas, i.e., copper oxide (I). 

Before being put into the muffle furnace, Sample 4 
displayed a bi-phase surface very similar to Sample 
1. However, after heat treatment the appearance is 
completely different. After 5 minutes it is possible 
to observe the growth of micro-zones, or islands of 
bright color surrounding the copper-rich zones. The 
microanalysis made on these points evidenced the 
presence of pure silver crystals. As the time spent 
into the furnace increased, these islands began to 
grow to the detriment of the copper-rich zones, fol-
lowed by coalescence by the end of the heat treat-
ment time. After 6 hours at 700°C (1292°F), you can 
no longer notice the presence of dark zones, and the 
many small islands of pure silver that are more wide-
ly spaced. It is our opinion that the high resistance to 
oxidation at high temperatures is in part due to this 
enrichment of silver on the surface of the sample. 



According to the information collected by the SEM 
observations of the oxidized samples, we thought it 
was good to also extend our observation to the sam-
ples that underwent the sulfuration and Xenotest 
(Figure 18 and Figure 19). 

 26

Sample1 Sample2 

Sample3 Sample4 
 

Figura 18 - Immagini SEM dei quattro campioni dopo prova di solfurazione  
della durata di 40 minuti 

 
A differenza dei fenomeni ossidativi visti precedentemente, nel caso della solfurazione 
sulla superficie dei campioni si deposita uno strato di prodotti di reazione molto sottile. Ne 
consegue dunque che anche dal punto di vista morfologico, oltre che da quello 
composizionale, non si riescano a trarre delle informazioni particolarmente significative. Si 
è deciso di riportare comunque le immagini acquisite. 
Anche nel caso delle osservazioni effettuate sui campioni sottoposti a Xenotest valgono le 
considerazioni fatte per i campioni sottoposti a test di solfurazione. 
 
 
 

Figure 18 - SEM images of the 4 samples after sulfuration 
test (40 minutes)

The reaction products of tarnish are very thin and 
therefore little morphological or compositional in-
formation can be collected. However, observations 
made on the samples exposed to the Xenotest were 
applied to the sulfuration samples and we decided to 
report what we could.
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Sample1  Sample2 

Sample3 Sample4 
 

Figura 19 - Immagini SEM dei quattro campioni dopo Xenotest  
della durata di 96 ore 

 
 

Analisi composizionale superficiale 
Per  valutare correttamente i dati forniti dalle diverse prove effettuate presso i Nostri 
Laboratori occorrerebbe comprendere appieno il meccanismo di formazione del film 
corrosivo (film di tarnish) e quindi conoscere la composizione superficiale dei diversi 
campioni per poterla correlare con i dati colorimetrici precedentemente calcolati. Questa 
correlazione potrebbe permettere innanzitutto di delineare in modo approfondito il 
meccanismo ed i reagenti che effettivamente partecipano alla reazione, ed in un secondo 
tempo, consentire una stima della cinetica di crescita del film di tarnish.  
La tecnica utilizzata per l’analisi composizionale superficiale è la GDOES (glow discharge 
optical emission spectroscopy )[4, 5]. Questa tecnica, relativamente recente e ancora in 
fase di ottimizzazione, fa parte della famiglia delle tecniche di analisi elementari 
spettroscopiche e permette di ottenere dei profili di concentrazione degli elementi 
costituenti il campione in funzione della profondità di tali elementi dalla superficie. La 
tecnica non consente però di ottenere dati riguardanti i legami chimici o le interazioni tra gli 
atomi che compongono il film superficiale. Questa tecnica, di carattere distruttivo, è stata 
sviluppata per lo studio di film sottili e coating nanotecnologici in quanto permette di 
analizzare la concentrazione di diversi elementi chimici in film con spessori che vanno da 
qualche nanometro fino ad arrivare a decine di micrometri.  
La tecnica GDOES si base sulla formazione di un plasma di Argon che consente una 

Figure 19 - SEM images of the 4 samples after Xenotest 
(96 hours)

9. Compositional superficial analysis
To correctly evaluate the data provided by different 
trials carried out at our Labs, it is important to fully 
understand the mechanism of corrosive film (tar-
nish film) growth, and therefore know the superfi-
cial composition of the different sample to compare 
them to the colorimetric data previously obtained. 
This correlation might allow us to understand the 
mechanism of the reactants that are taking part to 

the reaction, and allow us to estimate the tarnish 
film growth kinetics. 

The technique used for the superficial compositional 
analysis is the GDOES (glow discharge optical emis-
sion spectroscopy ) 4, 5. GDOES is a recently intro-
duced technology that is still being optimized. It is a 
type of elemental spectroscopic analysis able to mea-
sure the concentration and depth of elements on the 
surface of a sample. The technique doest obtain data 
regarding chemical bonds or interactions among the 
atoms composing the superficial film. This destruc-
tive technique was developed for the study of thin 
films and nanotechnology coatings, since it allows 
you to analyze the concentration of different chemi-
cal elements in films with thickness varying from 
some nanometer to some tens of micrometers. The 
GDOES technique is based on rapid and uniform 
erosion on the surface of the test sample by argon 
plasma sputtering (Figures 20 and 21).
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relativamente rapida ed uniforme erosione della superficie del campione per sputtering, 
dovuta cioè alla collisione degli atomi e ioni altamente energetici costituenti il plasma con 
la superficie del campione stesso (vedi Figura 20 e 21). 
 

 
 

Figura 20 -  Schema semplificato della tecnica spettroscopica GDOES 

Il plasma è confinato all’interno di una camera nella quale il campione, sottoposto alla 
analisi, funge da catodo e sul quale viene applicata una differenza di potenziale costante. 
La scarica di plasma che si va a formare tra il campione e l’anodo viene stabilizzata 
ottimizzando alcuni parametri come il potenziale applicato (compreso tra i 600 ed i 900V) e 
la corrente generata (dell’ordine delle decina di nA). Questi parametri permettono di 
mantenere una velocità di sputtering costante nel tempo che può variare tra i 500 e i 700 
nm/s. 
Il plasma ha inoltre lo scopo di eccitare gli atomi, o in alcuni casi piccoli cluster di atomi, 
provenienti dalla erosione superficiale del campione attraverso le diverse collisioni che 
questi hanno con le particelle che formano il plasma. Il rilassamento degli atomi al loro 
stato fondamentale è caratterizzato da fenomeni di emissione ottica caratteristici 
dell’atomo stesso e di intensità proporzionale alla loro concentrazione. 
La radiazione elettromagnetica emessa viene quindi rilevata da dei foto-moltiplicatori o, in 
alternativa da dei sensori CCD, ed elaborata successivamente da un calcolatore. Le 
performance di questi dispositivi di rilevazione permettono di ottenere dei profili di 
concentrazione dei film sottili con una buona risoluzione spaziale.  
 

Figure 20 -  Simplified sketch of the GDOES spectroscopy 
technique.

The plasma is confined in a chamber where the sam-
ple undergoing the analysis is the cathode on which 
a constant voltage is applied.
The plasma discharge developed between the sam-
ple and the anode is stabilized by optimizing some 
parameters such as the potential applied (between 
600 and 900V) and the current generated (of some 
ten nA). These parameters allow maintaining a 
constant sputtering rate, which may vary between 
500 and 700 nm/s. The plasma excites the atoms, 
or in some cases a small clusters of atoms, coming 
from the superficial erosion of the sample surface 
through a several collisions that they have with the 
particles in the plasma. The relaxing of the atoms 
at their fundamental stage is characterized by the 
optical emission typical of the atom itself and the 
intensity is proportional to its concentration. The 
electromagnetic radiation emitted is then detected 
by some photo-multipliers or, as an alternative, 
by some CCD sensors, and the signals are sent to 
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a computer program where they are converted to 
useable data. These devices are able to detect the 
element concentration profiles making up thin films 
with a good spatial resolution. 
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Figura 21 - Dettaglio dello strumento GDOES  
 

Vista la natura dei campioni sottoposti ad analisi non è stato possibile però ottenere una 
analisi quantitativa degli elementi costituenti i campioni analizzati, ma solo semi-
quantitativa per comparazione. Questo perché, essendo la tecnica GDOES ancora in fase 
di sviluppo, non è stato possibile ottimizzare lo strumento attraverso l’implementazione di 
curve di calibrazione appositamente preparate per i campioni utilizzando standard a base 
argento. 
I campioni sottoposti ad indagine sono delle medaglie di argento e lega d’argento ottenute 
attraverso il procedimento descritto nei paragrafi precedenti e sottoposte ai differenti test 
di corrosione.  
Ognuna di queste serie di medaglie, costituita dai quattro campioni con le composizioni 
riportate in Tabella 1, è stata sottoposta alle diverse forme di corrosione sotto riportate: 
 

- test di solfurazione della durata di 40 minuti; 
- test di corrosione a caldo alla temperatura di 700°C per la durata di  6 ore; 
- test di invecchiamento (Xenotest) a 1,4kW/m2 a 60°C per 96 ore.  

 
A queste tre serie di campioni ne è stata quindi aggiunta una quarta utilizzata come 
“bianco”. Questa ultima serie non ha infatti subito alcuno dei trattamenti corrosivi visti in 
precedenza.  
Le analisi dei campioni sono state condotte dal Dott. Simone Vezzù del CIVEN 
(Coordinamento Interuniversitario Veneto per le Nanotecnologie) di Marghera Venezia. 
L’analisi dei risultati ottenuti attraverso la tecnica GDOES ha inizio con la valutazione della 
intensità di emissione di elementi come idrogeno, ossigeno, rame, argento e zolfo nel 
campione 1 utilizzato come “bianco” per le analisi successive. Come si può osservare dal 
Grafico 1 nei primissimi strati atomici superficiale sono presenti quantità apprezzabili di 
ossigeno, idrogeno e zolfo. Questo campione è stato analizzato qualche giorno dopo la 
lucidatura ed è possibile che sulla superficie del campione si sia già formato un sottile 
strato dovuto alla reazione del metallo con lo zolfo, o zolfo-derivati, e l’umidità presente 
nell’ambiente circostante.    

Figure 21 – Detail of GDOES instrument 

According to the nature of the samples undergoing 
the analysis, it was not possible to obtain a quantita-
tive analysis of the elements present on the samples, 
but semi-quantitative analysis can be obtained by 
comparisons. Since GDOES is still in development,  
calibration of the instrument for silver was not pos-
sible due to the lack of developed calibration curves. 
The samples undergoing the investigation are disks 
made of silver or silver alloy (Table 1) obtained by 
the procedure described in the previous sections and 
exposed to different corrosion tests. 

Each of the four sample series of disks in Table 1 
underwent threetests as follows: 

Sulfuration test: 40 minutes;• 
Corrosion test at high temperature (700°C) : 6 • 
hours;
Ageing test (Xenotest) at 1,4kW/m2 at 60°C for • 
96 hours. 

The different corrosion steps are reported below. 
The analysis of the samples was made by Dr. Simo-
ne Vezzù of CIVEN (Venetian Interuniversity Coor-
dination for Nanotechnologies), Marghera, Venice. 
An additional set of sample disks (that were not sub-
jected to the series of corrosion tests) was prepared 
to provide a baseline for the GDOES investigation.

An evaluation of the emission intensity of hydrogen, 
oxygen, copper, zinc, sulfur and silver was done with 
the GDOES to form a baseline using the Sample 1 
set of disks. As you see from Graph 1, in the very 

first superficial atomic layers appreciable quantities 
of oxygen, hydrogen and sulfur are present. This 
sample was analyzed some days after polishing and 
it is possible that a thin layer formed on the surface 
of the sample, due to the reaction of the metal with 
sulfur or sulfur-derivates, and the humidity present 
in the surrounding environment. 
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Grafico 1 - Analisi GDOES condotta sul campione 1 utilizzato come “bianco” 

E’ possibile inoltre osservare uno strato sub-superficiale costituito da ossigeno ed 
idrogeno, cioè gas che potrebbero essere diffusi all’interno del campione durante il 
trattamento termico di ricottura oppure durante la fase di fusione e preparazione del 
campione stesso. 
Il campione 1 sottoposto allo Xenotest (1,4kW, 60°C per 96 ore) mostra la presenza di uno 
strato sub-superficiale del tutto analogo a quello visto precedentemente (Grafico 2). 

Graph 1 –  GDOES analysis made on baseline samples 

It is also possible the oxygen and hydrogen observed 
in the sub-superficial layer were diffused inside the 
sample during the annealing heat treatment or dur-
ing the casting phase and preparation of the sample 
itself. 

Sample 1 exposed to Xenotest (1,4kW, 60°C/140°F 
for 96 hours long) displays the presence of a sub-
superficial layer almost similar to the one seen in 
Graph 1 (Graph 2). 
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Grafico 2 - Analisi GDOES del campione 1 sottoposto allo Xenotest 

 
Nel Grafico 3 sono riportati in dettaglio i primi strati superficiali di questo campione. Si può 
osservare il deposito superficiale di elementi come ossigeno, idrogeno e zolfo che 
interagiscono con l’argento e il rame del substrato e come questo strato si sia sviluppato 
presumibilmente su uno strato di umidità come evidenziato dalla presenza di picchi di 
ossigeno ed idrogeno a circa 0,6 secondi di analisi (a destra  del picco relativo allo zolfo). 

Graph 2 – GDOES analysis of sample 1 after Xenotest

The first superficial layers of this sample are re-
ported in detail in Graph 3. You can see the super-
ficial deposit of elements such as oxygen, hydrogen 
and sulfur which interact with the silver and cop-
per of the sub-layer and how this layer developed, 
most probably on a humidity layer, as evidenced by 
the presence of some peaks of oxygen and hydrogen 
after around 0,6 seconds from the beginning of the 
analysis itself (on the right is the peak of sulfur). 
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Grafico 3 - Zoom dell’analisi GDOES del campione 1 sottoposto a Xenotest 

Lo stesso campione sottoposto al test di solfurazione accelerato evidenzia invece un 
elevato contenuto di zolfo nei primi strati superficiali in concomitanza con la presenza di 
atomi di ossigeno ed idrogeno (vedi Grafico 4). Come mostrato dal Grafico 5, questi 
elementi sono presenti sia all’interno del film superficiale di solfuro che all’interfaccia tra 
film e substrato. L’analisi GDOES mette inoltre in luce che, nei primi strati superficiali, il 
contenuto di rame è maggiore rispetto alla composizione nominale del campione (picco a 
0,35 secondi concomitante con quello di zolfo). Questo fatto potrebbe influenzare 
pesantemente la cinetica di crescita del film di tarnish e quindi il relativo viraggio di colore. 
Dal Grafico 6, relativo al campione 1 sottoposto ad ossidazione a caldo, è possibile notare 
innanzitutto la presenza di una elevata quantità di rame (maggiore rispetto alla 
composizione nominale) nei primi strati superficiali. L’aumento della concentrazione di 
rame è concomitante con la diminuzione della concentrazione di argento. E’ quindi 
plausibile che il trattamento termico porti alla generazione di strutture bi-fasiche all’interno 
del campione legate all’aumento della mobilità atomica dovuta alla temperatura. Su questo 
substrato si è andato a formare uno spesso strato di ossido di rame. Inoltre si è rilevata la 
presenza, sopra questo strato di ossido, di elementi quali argento, zolfo ed idrogeno cioè 
di un sottile film di tarnish. L’analisi mette in evidenza inoltre come durante il trattamento 
termico si sia verificata la diffusione di ossigeno e idrogeno all’interno del campione.   

Graph 3 – Zoom of the GDOES analysis of Sample 1 after 
Xenotest

The sample exposed to an accelerated sulfuration 
test evidences, instead, a high content of sulfur in 
the first superficial layers to coincide with the pres-
ence of oxygen and hydrogen (Graph 4). As displayed 
by Graph 5, these elements are present both inside 
and outside the superficial film of sulfur and to the 
interface between film and sub-layer. The GDOES 
analysis also indicates that, in the first superficial 
layers, the copper content is higher if compared to 
the nominal composition of the sample (peak at 0,35 
seconds at the same time of the sulfur’s 1 second). 
This might have little influence on the growth ki-
netic of the tarnish film and therefore the correlated 
discoloration. In Graph 6 you can see Sample 1 un-
dergoing oxidation at high temperature; at first it is 
possible to notice the presence of an elevated quan-
tity of copper (higher than the nominal composition) 
in the first superficial layers. The increase in the 
concentration is concomitant to the reduction of the 
silver concentration. It is therefore assumed that the 
heat treatment leads to the generation of bi-phase 
structures inside the sample, related to the increase 
of the atomic mobility induced by the temperature. 
On this sub-layer a very thick layer of Copper ox-
ide formed. Moreover, we detected the presence of a 
very thin tarnish film containing silver, sulfur and 
hydrogen over this oxide layer. The analysis also in-
dicates that diffusion of oxygen and hydrogen took 
place inside the sample during heat treatment.  
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Grafico 4 - Analisi GDOES del campione 1 sottoposto a test di solfurazione 

 
Grafico 5 - Zoom dell’analisi GDOES del campione 1 sottoposto a test di solfurazione

Graph 4 - GDOES analysis of sample 1 after sulfuration 
test

Graph 5 - – Zoom of the GDOES analysis of Sample 1 
after sulfuration test

 
Graph 6 - GDOES analysis of Sample 1 after oxidation

Sample 2 also displays a superficial absorption of 
oxygen, hydrogen and sulfur (Graph 7). During Xe-
notest this sample evidenced a superficial layer of 
sulfur and sulfur derivates (Graphs 8 and 9). It is 
also possible to notice the presence of oxygen and 
hydrogen under this tarnish layer.
 
The pure silver sample in the sulfuration test dis-
plays an elevated concentration of sulfur in the first 
superficial layers as reported in Graph 10. The pres-
ence of sulfur is concomitant however with the pres-
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ence of small traces of oxygen and hydrogen. The 
pure silver sample, after oxidation test, evidenced 
a very thick oxide layer in which you can observe 
impurities of oxygen and sulfur, usually present in 
the earth’s atmosphere. It is worth nothing that the 
presence of oxygen inside the sub-superficial layers 
of the material is higher compared to the same sam-
ples after different tests (Graphs 11 and 12). 
 

Graph 7 - GDOES analysis of Sample 2
 

Graph 8 - GDOES analysis of Sample 2 after Xenotest

 

Graph 9 – Detail of the GDOES analysis of sample 2 after 
Xenotest
 

Graph 10 – GDOES analysis of sample 2 after sulfuration test

Graph 11 – GDOES analysis of sample 2 after oxidation test

Graph 12 – Detail of the GDOES analysis of sample 2 after 
oxidation test

By the analysis of Sample 4 (Graph 13) it is evident 
that the surfaces are contaminated by the presence 
of sulfur in conjunction with a thin chemiosorbated 
or physisorbated layer of humidity a couple of hours 
after polishing. 
In the analysis carried out on Sample 4, after several 
different tests it is possible to notice the absence of 
humidity films between the sub-layer and the tarnish 
film that is characteristic in previous Samples 1, 2 
and 3 (Graphs 14 - 18).
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Graph 13 - GDOES baseline analysis of Sample 4 

 

Graph 14 - GDOES analysis of Sample 4 after Xenotest

 
Graph 15 – Detail of the GDOES analysis of Sample 4 
after Xenotest

 
Graph 16 - GDOES analysis of Sample 4 after sulfuration test

Graph 17 – Detail of the GDOES analysis of Sample 4 
after sulfuration test
 

Graph 18 – GDOES analysis of Sample 4 after oxida-
tion test

The analysis of samples 3 displays very well the 
profile of the silver layer deposited on the surface 
by galvanic process. Inside the film there are sig-
nificant quantities of oxygen, hydrogen and sulfur. 
In fact, a couple of days after the samples were 
lapped the sulfur had already diffused through 
the thickness of the silver film (Graph 19). 
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Graph 19 - GDOES analysis of the Silver plated sample 
used as “blank”

The presence of oxygen and hydrogen inside the 
deposited film is compatible with the SEM obser-
vations previously described. 
Likewise, after the Xenotest Sample 3 displays a 
profile similar to the sample used as a baseline 
reference, i.e., the presence of sulfur and oxygen 
inside the silver film (Graphs 20 and 21). Graphs 
22 and 23 report the analysis carried out on Sam-
ple 3 after the sulfuration test. Even after this test 
it is possible to notice, together with an elevated 
presence of sulfur on the first superficial layer, 
also its diffusion inside the sample. There are no 
significant considerations to make on Graph 24, 
related to Sample 3 after oxidation test. 

Graph 20 - GDOES analysis of Sample 3 after Xenotest
 

Graph  21 – Detail of the GDOES analysis of Sample 3 
after Xenotest

Graph 22 - GDOES analysis of Sample 3 after sulfuration test

 
Graph 23 – Detail of GDOES analysis of sample 3 after 
Sulfuration test 

Graph 24 – Detail of the GDOES analysis of Sample 3 
after oxidation test

Graph 25 reports the concentration of sulfur detect-
ed on the surface of the four samples after the sulfu-
ration test. It is possible to notice that sample 4 has, 
on its surface, a sulfur concentration comparable to 
that of Sample 2 (pure silver). Graphs 26-28 show 
the concentration profiles for oxygen, hydrogen and 
copper.
For all the samples, the presence of oxides, hydrox-
ides or sulfates was found on the first superficial 
layer. The presence of oxygen and hydrogen in the 
sub-superficial layers for Sample 1 is also evident, 
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while the inside of Sample 4 displays a low concen-
tration of these elements.
 
Graph 28 shows the presence of an elevated super-
ficial concentration of copper in Sample 1. The high 
presence of this metal on the surface can induce 
dark discoloration of the piece since copper is easily 
oxidized. In addition to silver and copper sulfides, 
the concomitant presence of copper, oxygen and hy-
drogen atoms makes us believe that oxides, hydrox-
ides and sulfates of copper are also present. The im-
pressive discoloration of Sample 1 after sulfuration 
can be due to the presence on the surface of these 
compounds, too. The tarnish film after sulfuration 
can undertake bluish or purplish reflections that 
could be correlated to the fact that the superficial 
copper atoms undergo a complexation reaction and 
give birth to hydroxides and sulfates. The longer the 
exposure time is extended the more reddish the col-
or becomes, which is connected to the further trans-
formation of these compounds into copper oxides (I) 
with their typical reddish color. 
 

Graph 25 – Sulfur profile after sulfuration test

 

Graph 26 – Oxygen concentration profile after sulfura-
tion test

Graph 27 – Hydrogen concentration profile after sulfura-
tion test
 

Graph 28 – Copper concentration profile after sulfura-
tion test

Evidenced that the content of sulfur is higher for 
the samples where the content of superficial silver is 
higher (silver and silver plated) is shown by analy-
sis of the Xenotest in Graphs 29-32. In fact, to the 
naked eye the color change is greater for these two 
samples when compared to Samples 1 and 4. The 
presence of humidity or hydroxides on the surface 
of the samples is also evident. It is possible that the 
relative humidity inside the Xenotest chamber is 
less compared to that generated during the sulfura-
tion test. The concentration of water on the surface 
of the samples turns out to be minor and concurs to 
favor the sulfuration reaction on silver with regards 
to that of copper oxidation. However, the thickness 
of the superficial humidity layer has to be considered 
as a catalyst for both the reactions since it allows 
the reactant species to be in very close contact. The 
chemical reactions in the liquid state require less 
activation energy than for the gaseous state. This 
might explain the higher sulfur concentration on 
the surface of the samples with a higher silver con-
centration (Samples 2 and 3), as well as the discolor-
ation data and the data obtained by the sulfuration 
trial for the sterling silver sample (Sample 1). 

In conclusion, we find two different types of reac-
tions. The first one is between sulfur and silver and 
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the second one is between oxygen and copper. In 
addition, the possibility for the formation of copper 
sulfates and copper sulfites inside the tarnish film 
is evident. 

Both the reactions cause some discoloration of the 
samples, but these are more marked when copper 
oxidation occurs due to the presence of humidity.

Graph 29 – Sulfur concentration profile after Xenotest

Graph 30 – Oxygen concentration profile after Xenotest

 
Graph 31 – Hydrogen concentration profile after Xeno-
test

Graph 32 – Copper concentration profile after Xenotest

The GDOES analysis also detected concentrations of 
nitrogen, carbon, silicon and zinc. The first two, ni-
trogen and carbon, are impurities present inside the 
chamber where the plasma is generated and come 
from the external environment or by some argon gas 
contaminations. The concentration profiles for silicon 
and zinc, related to Sample 4, did not display particu-
lar trends; rather they showed a constant concentra-
tion all over the layer analyzed. For this reason we 
decided to omit this data from the graphs previously 
reported. 

Concluding remarks
By comparing the data of the various tests we carried 
out, we can see that the resistance to tarnish depends 
in part on the type of test. In fact, comparing the data 
related to the sulfuration and the Xenotest, it is possi-
ble to see different behaviors for samples made of the 
same alloy. For example, if you consider Graphs 25 
and 29, which report the sulfur concentration on the 
tested items, it is possible to see how Sample 1 (ster-
ling silver) suffers a high aggression during the sul-
furation test, while the same sample during Xenotest 
shows instead a behavior that turns out to be better if 
compared to Sample 2 (pure silver). In the same way, 
the samples containing a higher percentage of silver 
on their surface (Samples 2 and 3), demonstrated a 
good behavior during the sulfuration test, but during 
Xenotest, they suffered a more marked discoloration 
(Figures 5 and 9). 

The tarnish reaction seems to be ruled by a complex 
mechanism, made of several chemical reactions (as 
supposed at the beginning of this paper), and as dem-
onstrated through the temporal evolution of the colo-
rimetric data collected during the Xenotest (Figures 8 
and 9). So, the formation of a tarnish film and conse-
quently the related discoloration are not only correlat-
ed to the reaction between sulfur and silver. Tarnish 
might therefore depend on many factors such as: 

The real content of silver on the surface;• 
The presence of less noble elements, for example • 
copper, that react readily with the polluting atmo-
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spheric elements;
The presence of elements such as silicon and zinc, • 
which might grow inert oxides on the surface, lim-
iting the concentration and the reactivity of other 
chemical species present in the alloy;
The presence of a bi-phase structure that may • 
generate micro-cells on the surface of the piece or 
could work as a trigger point for the reaction;
The presence of a humidity film on the surface of • 
the sample. 

In addition to the above considerations, the presence 
of oxygen and hydrogen together with sulfur was de-
tected in the GDOES analysis on the surface of the 
samples. This points to the possibility that the tarnish 
phenomenon involves sulfuration reactions and oxida-
tion of other elements in the alloy, such as copper, as 
well as the sulfuration of silver. It is possible that the 
superficial variation of the color displayed by silver is 
not due exclusively to the silver sulfuration reaction, 
but that it also involves the formation of other chemi-
cal species. 

The copper corrosion related to the direct contact with 
the atmosphere is very well known since that has 
been widely studied in past centuries. Copper not only 
forms a heavy oxides film on the surface when exposed 
to the atmosphere, it also reacts to form compounds 
with other polluting elements. At the beginning, oxy-
gen and water react with copper to form a superficial 
layer like Cu2O/CuO/[Cu(OH)2 or CuO x H2O]; where 
the main reactant component is gas it would be (SO2, 
NO2, O3, Cl2, HCl and H2S). The main compounds 
you can find on the surface are therefore Cu2Cl(OH) 
3, Cu4SO4 (OH)6.H2O, and in the urban areas, Cu4-
SO4 (OH)x, e Cu2CO3(OH) 2 [6, 7, 8].

In the sulfuration trials related to Sample 1, it is possi-
ble that the superficial layer, at first glance connected 
exclusively with the superficial formation of sulfides, 
is in truth made mainly of cuprite (Cu2O), copper hy-
droxide (Cu(OH)2) and copper sulfates. We presume, 
in fact, that the surface discoloration is mainly due to 
the formation of such compounds and in part to the re-
action of silver sulfuration. The visual analysis of this 
film is compatible with a structure as follows: Cu2O/
[Cu(OH)2 or CuO x H2O]. 

During the sulfuration test, it is thought that the 
first is of cuprite. This reaction is favored by humid-
ity depositing on the surface of the sample in the first 
minutes of test and the high concentration of oxygen 
in contact with the sample. The discoloration is there-
fore a function of the thickness of cuprite growth and 
may vary from yellow to reddish. Since the chamber 
is closed, the relative humidity inside ranges from 30-
80%, keeping the samples quite most, and the com-
plexation reaction between water and copper forms 
Cu(OH)2, with the typical azure color on the surface. 
This layer of hydroxide will form on the cuprite layer 
since it has a higher concentration of water molecules. 

This mechanism can therefore explain the visual 
analysis carried out on Sample 1 after sulfuration and 
reported in Figure 22. 

 

Figure 22 - Sample1 after sulfuration test: 40 minutes

This alloy is composed of silver and copper and as the 
SEM observations show, the superficial structure con-
sistes of copper-rich phases alternating with silver-
rich phases. The presence of the copper-rich material 
on the surface quickens the reaction, since it takes 
place mainly in the less noble zones on the pieces. 
Furthermore, the presence of sulfuric acid inside the 
chamber provides an acid environment that activates 
the oxidation and complexation reaction of Copper.

The compositional variation on the surface of each sin-
gle sample analyzed is responsible for the lack of colo-
rimetric measurement repeatability since the content 
of copper in touch with the external environment is 
very important and controls the speed of the reaction. 
The speed of copper oxide formation is preponderant 
when compared with that if copper sulfide formation. 
We do not exclude, however, the formation of copper 
sulfates to the detriment of the sulfides. 

Silver sulfuration takes place parallel to the copper 
oxidation, but this does not seem to depend in such 
an evident way on the relative humidity, like the reac-
tion involving copper. In fact, Samples 2 and 3 have 
much less variation of discoloration than Sample 1, 
due to the homogeneity on the surface. With Samples 
2 and 3 you can notice that the color variations cor-
relate with the superficial finishing of the samples. In 
fact, by the GDOES analysis (Graphs 20 and 21) it 
is possible to notice how sulfur underwent diffusion 
phenomenon inside the silver film during Xenotest, 
maybe connected to the higher temperature caused 
by the incident light radiations, which might have de-
graded the coating film, making possible the diffusion 
of polluting elements from the atmosphere. 

The behavior of Sample 4 so is compatible with this 
theory, since the silver is very concentrated in the 
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composition of the surface to the detriment of copper. 
Conversely, the tarnish process is accelerated on ster-
ling silver due to the bi-phase structure, as seen in the 
SEM analysis of Sample 1. However, zinc and silicon 
can work as sacrificial elements if they are present in 
sufficient concentrations to inhibit the oxidation pro-
cess of copper.

It was stressed how the content of copper in the sam-
ples plays a fundamental role in the tarnish phenom-
ena. With the data in our possession, it is difficult to 
unequivocally correlate the concentration of silver 
on the surface with the content of sulfur present in 
the tarnish film for different tests. First it should be 
necessary to repeat the sulfuration and Xenotest, 
trying to equalize the concentration of pollutants in 
the chamber to discover the dependence of the copper 
concentration in the samples on the relative humid-
ity and the incident radiation. This means studying 
a new experimental set-up for the sulfuration test 
and therefore for the Xenotest as well. It might also 
be helpful to improve the calibration method of the 
GDOES spectrophotometer, by which it may be pos-
sible to have a certain correspondence between the 
intensity of emission of the elements and their con-
centration on the surface. Last but not least, an esti-
mation of the sputtering range is needed in order to 
calculate the thickness and consequently the rate of 
growth of the film itself. 

With the data in our possess it may be possible to 
think about characterizing the whole reaction mecha-
nism and the growth of the tarnish film in order to be 
able, in a further step, to analyze the role played by 
each chemical element introduced in the sample, as 
well as, thanks to the use of a colorimeter, to find out 
a simple method to estimate the real life of a sample 
by the analysis made in the laboratory. 

To our point of view, the use of sulfuration test is not 
adequate to evaluate the effective tarnish resistance 
of silver alloy samples because it is not possible to 
have an accurate control of some parameters involved 
in the complex chemistry of the tarnish process. We 
speculate that to adequately study the tarnish pro-
cess, new test equipment should be devised that con-
trols the temperature and relative humidity inside 
the reaction chamber. The tarnish test should also 
allow the introduction of gas mixes containing known 
values of polluting elements, such as sulfur and chlo-
rine, etc. The control of such parameters helps to fully 
understand the mechanism ruling this phenomenon 
and evaluate the kinetic of the reaction. 

The use of a spectrophotometer to evaluate the dis-
coloration of the samples seems to be a good choice. It 
allows sufficiently small incremental measurements 
of the colorimetric coordinates L*, a* and b* as well as 
the most important, which is vector ∆E. As mentioned 
before, the use of a Xenotest fulfilled the need for simu-
lating what happens to silver items in shops windows. 

Although the Xenotest instrument has a temperature 
check and the ability to regulate and control the rela-
tive humidity, it unfortunately does not allow pollut-
ing gases to be introduced inside. 
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