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Abstract

Surface oxidation of polished natural
specimens of chalcopyrite (CuFeS,) at temperature
between 23°C and 300°C in air has been
characterized by Auger electron and X-ray photo-
electron spectroscopies. The reaction products
consisted of an outer iron oxide layer and an
intermediate copper rich sulfide layer. Several
different oxides and sulfides were consistent
with the electron spectroscopy data, so
specimens were analyzed as a function of time and
temperature at selected 20 pym diameter areas with
an optical microreflectometer (OMR). Since the
optical properties of a compound are unique, a
reflectance model with three homogeneous layers
was used to calculate reflectance curves by
varying the compound in and thickness of each
layer. The reaction products were modelled as
CugFeSy in contact with the CuFeSy and CupS as an
intermediate Tayer between CugFeS; and the outer
oxide. The outer oxide was most consistent with
Fe304. Relative Tayer thicknesses were
calculated from a series of balanced chemical
equations, and CugFeSy was much thicker than CupS
with total thickness increasing with increasing
temperature. The total film layer thicknesses
calculated at 23°C were between 10nm and 35nm.

At 200°C the film thickness varied from 8nm to
51nm with greater thicknesses associated with

longer reaction times. Thicknesses at 300°C

ranged from 12nm to 85nm.

KEY WORDS: Auger electron spectroscopy, X-ray
photoelectron spectroscopy, optical
microreflectometry, iron oxides, sulfides,
surface oxidation.
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Introduction

Auger electron spectroscopy (AES) is a
surface sensitive analytical technique with high
spatial resolution that is routinely used to
characterize the products at the surface of a
material. Often bulk analytical techniques such
as X-ray spectrometry using the electron probe
microanalyzer (EPMA) are used in conjunction
with surface sensitive techniques to study the
role of the bulk composition on surface products
or the elements concentrated at the surface and
the trace elements present in the bulk [50,51].
For most materials these techniques are
sufficient to characterize surface reaction
products. However, in order to study the
surface reaction products of minerals the
spatial resolution of the technique is important
due to the many phases present in natural ore
mineral specimens. Optical reflectance is
commonly used in mineralogy to identify the
phases present in polished sections. High
spatial resolution (20um diameter or less) is
made possible by focusing the incident
monochromatic 1ight and measuring the reflected
intensity with a microscope from the specimen
with a technique called Optical
microreflectometry (OMR).

It is important first to characterize the
minerals present in the bulk ore and any trace
elements with EPMA and then to determine the
surface products present. These products can be
characterized by their optical properties and
chemical composition with Auger electron
spectroscopy (AES) over small areas routinely
found in natural ore samples. The spatial
resolution of the technique is important when
studying minerals since the large area of
analysis from XPS (typically ~5 mm but as small
as 100 pm) as compared to that of AES (200 to 50
nm) and OMR (20 pm) can limit the relevance of
the data. The chemical state information
obtained with XPS from the surface compounds can
be used to complement the surface elements
detected with AES. Bulk elemental analysis is
most commonly determined with EPMA with a
lateral resolution of 10° nm or less. In
addition EPMA has been used to analyze thin




films (as thin as 3nm) deposited on substrates
[49]. Since EPMA has been mainly used as a bulk
sensitive technique it can complement AES, XPS,
and OMR data.

The complementary use of AES and OMR in
characterizing the reaction products formed on
chalcopyrite at temperatures between 23° and 300°
will be demonstrated. Chalcopyrite, CuFeS,, is a
member of the sulfide family and is the main ore
from which copper is extracted and is thus very
valuable. 1In general, bulk mineral samples have
a number of phases present which are often found
as veins or large inclusions. The surface
analytical techniques mentioned above lend
themselves ideally to the study of surface
oxidation of small areas present within naturally
occurring sulfide minerals. The surface
oxidation of chalcopyrite can affect further
processing stages, in the recovery of copper, of
the ore mineral and is thus important to
characterize from the standpoint of mineral
processing or beneficiation.

Literature Review

Electron spectroscopic techniques have been
routinely used to analyze the surface and near-
surface regions of solids since the early 1970's
[33,46]. The application of these surface
analytical techniques include the analyses of
thin film products, with the characteristics of
good depth resolution in XPS and AES, chemical
state information from XPS, and high spatial
resolution in AES. Bulk composition and trace
element analysis is obtained from electron probe
microanalysis (EPMA), whereas depth profiling is
used in both AES and XPS [54] to characterize the
composition of thin films. In general,
information from AES and XPS are used in a semi-
quantitative manner due to both instrumental and
experimental limitations. These limitations can
be controlled to some degree with standards,
calibration techniques, and technological
advances; however, it is important to understand
the Timits to these corrections. The
complementary use of other surface analytical
techniques in conjunction with AES and XPS should
not be underestimated, specifically the use of a
non-destructive optical technique such as optical
microreflectometry (OMR).

The general theory of AES, XPS, and OMR are
presented in the section on samples and
experimental techniques. The most common uses of
AES [17] include compositional analysis of the
outer to near-surface region (0-3nm) for all
elements except H and He and depth compositional
profiling. The high spatial resolution capable
with AES can be used to determine compositional
variations across a surface with special emphasis
on grain boundary and other interface analyses.
Moreover, some chemical information can be
obtained by analyzing energy shifts and the shape
of the Auger signai [38]. The most common uses
of XPS include surface analysis of all elements
with the exception of H [45] and the acquisition
of surface compositional analysis when the
destructive effects of electron beam techniques
must be avoided. In addition to these, one can
include the chemical state identification of
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surface species [19,54], in-depth composition
profiles of the elemental distribution in thin
films [5,6,7,11], and the use of angle resolved
XPS analysis for non-destructive depth analysis
[9,14]. Unlike AES and XPS, OMR analysis does
not require a vacuum and has been typically used
to optically identify phases in bulk minerals
[8]. Recently OMR [48] has been used to
characterize the reaction products found on bulk
sulfide minerals with the use of a reflectance
model which will be described in the technique
section.

Semiconductors [57], oxides [54,56,59], and
sulfides [36,37] have been studied with AES in
addition to metals and their alloys due to their
importance in the electronics industry. The use
of Auger data to obtain information about the
measured electrical characteristics of
semiconductor-metal contacts [57] has shown that
in some systems, for example, in a silicide, the
reaction due to heat treatment can be monitored.
However, in other cases there is little
correlation between the electrical
characteristics and Auger depth profile data.
Aluminum oxide films both deposited and grown on
a substrate have been successfully analyzed with
AES [54,59]. The use of AES to distinguish
between different iron oxides formed on iron in
gaseous and aqueous environments has been
demonstrated [56] by using the peak to peak
heights of the oxygen (510 eV) and iron (703 eV)
lines and the fine structure of the low energy
iron line (53 eV). Sulfides and their reaction
products have also been studied with AES to
better characterize the small phases present
within a bulk mineral through the use of high
spatial resolution AES [36,37]. Similarly, XPS
has been used to study oxides [19,41], sulfides
[5,6,7], and semiconductors [35]. Iron oxides
have been characterized with XPS through
mathematical deconvolution of the core Tine for
a number of iron oxide compounds [19,41]. A
number of sulfide minerals have been studied by
combining XPS and electrochemical techniques to
characterize the film products formed on the
surface of natural bulk minerals [5,6,7]. The
oxidation state of semiconductors have also been
studied as in the case of the different
oxidation states for copper oxide grown on a
copper substrate [35]. Iron oxide film layers
have been characterized with OMR through the use
of optical constants and in combination with AES
depth profiling analysis [48].

A number of factors can affect the
quantification of Auger and XPS analysis. For
example, backscattering effects [16,58] in AES
analysis, surface morphology [27] effects mainly
in AES, charging of insulators [22,44] in both
AES and XPS, electron-beam induced artifacts
[25,31,42,43] in AES, and ion-beam induced
artifacts [39,53] during sputtering in both AES
and XPS. Backscattered electrons [16,58] result
in the emission of Auger electrons in addition
to those produced by the primary electrons which
can lead to erroneous interpretation of the
data. The backscattering effect is dependent
upon the primary electron beam energy and the
composition of the specimen. A set of elements
spanning a large range of Z values were used to
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show that the backscattering effect increased
with atomic number Z and primary energy [58].

The film thickness of a material on a substrate
can result in a backscattering effect which can
also affect the Auger electron yield [16].
Similarly a number of restrictions are placed on
the specimen used for analysis with OMR. The
specimen must be flat and mounted perpendicular
to the optical axis during analysis. In addition
the optical constants used for the film during
the modelling calculations are assumed to be the
same as the bulk constants as is commonly done in
ellipsometry.

The original surface topography or
morphology can affect not only the Auger electron
yield [27] but can also influence the depth
resolution [24,63] which leads to increased
interface broadening with sputter depth. Surface
roughness was found to affect quantitative AES
analysis independent of whether absolute peak to
peak heights or relative peak heights are used
[27]. Thus, the initial surface morphology must
be considered during rigorous gquantitative Auger
analysis to determine the validity of data
interpretation. Surface roughness effects in XPS
will in general reduce the surface sensitivity
enhancement at low grazing angles [14] from one
point to another across a specimen's surface. In
addition certain regions on the surface may be
shaded from other regions by adjacent raised
areas at a given grazing incidence. Quantitative
analysis of grazing-incidence data can be
affected by the surface roughness for very low
grazing angles due to the change that occurs in
the degree of refraction and reflection for a
small change in angle of incidence at low
grazing-incidence analysis. In general, surface
roughness effects in OMR decrease the overall
intensity of the reflectance curve (wavelength
versus intensity) obtained from the surface.
very rough surfaces there may be a wavelength
dependence [1,32,47], however, in this study the
polishing procedure in the last 2 stages did not
affect the overall intensity of the reflectance
curve.

Since many of the materials analyzed with
AES have an oxide film on the surface through
either deliberate preparation or surface
oxidation there is a possible charging problem
during Auger analysis [44]. These insulators
tend to accumulate charge on their surface during
both Auger electron and X-ray photoelectron
analysis [46] due to their high resistance. When
charge accumulates on insulators the resulting
electric field may cause diffusion of mobile
ions. This was shown to occur [44] for Na ions
in soda-lime-silicate glasses under Auger
analysis. It has been shown that the problem is
one of diffusion [43] where both mobility and
driving force are affected by ion or electron
irradiation in Auger analysis. The accumulated
charge affects the driving force for diffusion,
while beam heating increases the ionic mobility.
Sample charging during Auger analysis can be
reduced by mounting the sample at a 30° angle.
For very thick insulating structures this may not
be enough to reduce the surface charge. Lowering
the current density has also been effective in
reducing the surface charge. Sample charging in

For
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XPS influences the ionization energies. If
there is an induced surface potential then the
energy required to ionize an electron is
increased by an amount proportional to the
surface potential. This affects the accurate
measurement of electron binding energies in
solids. In addition ionization energies must be
corrected for the spectrometer work function
which includes instrumental terms that affect
the electron kinetic energy scale. This term is
generally determined in a calibration process
with a material of known ionization energies
from an independent source.

In addition to the effect of a specimen's
surface preparation on the Auger signal
intensity it is also possible for the sample to
change during analysis due to interaction of the
primary electron beam with the specimen.
Electron beam artifacts resulting from the
interaction of the electron beam with the sample
can include [40] adsorption of residual gases,
desorption of surface species, migration of
mobile species, heating of the sample, sample
charging, and molecular cracking.

Auger electron and X-ray photoelectron
spectroscopy are often used as a surface atom
removal technique (sputtering) to measure the
composition at the surface and through a film.
This process can result in a number of
sputtering artifacts. These can include surface
roughening [64], knock-on effects [21,64], and
preferential sputtering [21,64]. Induced
surface roughness can change the Auger signal
strength [27] and thereby affect the absolute
and quantitative Auger analysis. Even in the
case of a flat amorphous surface cone formation
may develop under ion bombardment due to the
angle dependence of the sputtering yield.
Knock-on effects can cause broadening of depth
profiles due to a collisional cascade buildup
where the primary recoils are forced into deeper
layers [23]. Preferential sputtering can result
in different sputtering yields of two elements
in a binary alloy which results in a change in
the surface concentration of a sputtered sample.
For a Cu-Ni (50 weight percent) sample surface
or a sputter-deposited layer on a substrate it
has been shown [53] that there is an enrichment
in Ni at the surface. The influence of ion
bombardment (sputtering) in XPS is similar to
that of AES. Sputtering may result in the
reduction of metal oxides [30,61] and may also
result in the formation of new compounds.

Samples and Experimental Techniques

Sample Origin And Preparation

Mineral Origin. The bulk chalcopyrite
specimens used in this study originated from two

distinct deposits. The Le Burc deposit in Tarn,
France made up the majority of the samples used
in this study. Two other phases, covellite
(CuS) and goethite (FeOOH or HFe0y), were
present as veins (or inclusions) within the
chalcopyrite matrix. Additionally, gangue, a
component consisting mainly of silicates was
present. Le Burc specimens free of inclusions
or veins of copper sulfides and iron oxides were
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used for comparison with specimens with
inclusions in this study.

The second source of chalcopyrite specimens
used in this study originated from Butte,
Montana, USA. These specimens contained veins of
chalcocite (CupS) and goethite as well as gangue
material within the bulk chalcopyrite. A1l
available specimens from the Butte mine contained
inclusions. In some cases specimens with only
CupS inclusions were used to study the effect of
temperature on the inclusion.

Sample Preparation. Samples were first cut
with a Buehler diamond saw to sizes ranging from
5mm x 5mm to 6mm x 10mm and then hand polished.
Hand polishing the specimens decreased the
overall temperature effect which results from
automatic polishing wheels. The polishing
process. utilized dry silicon carbide paper
starting with 180 grit, then changing to 320 grit
and finishing with 600 grit. The samples were
ultrasonically cleaned in reagent grade petroieum
ether for 10 minutes between each polishing stage
to eliminate stray particles which could scratch
the surface in a subsequent grinding stage.

After the dry grinding steps the next stage
consisted of diamond polishing the specimens
(hand polishing) in an extender consisting of
equivalent proportions of mineral oil and
kerosene [34]. The specimens were cleaned
between polishing stages as described above.

The diamond polishing compounds were obtained
from Buehler. Polishing was started with 15um
diamond paste and went through 6pm, 1lpm, and
finished with 0.25um diamond. The polishing
times were longest for the 15pm and 6pum stage
(approximately 10 minutes) and decreased for the
luym stage to 5 minutes and approximately 2 to 3
minutes for the 0.25 um stage. The surface of
the polished specimens were checked periodically
with a microscope for scratches between polishing
stages to optimize the overall polishing process.

Samples were stored before and after
polishing in laboratory air. The relative
humidity ranged between 45% and 70%. The
temperature ranged between 20°C and 26°C.
Chalcopyrite samples and bulk materials were
stored in plastic containers under the above
conditions. Samples were always handled with
tweezers or plastic gloves after polishing or
other treatments.

Auger Electron Spectroscopy (AES)

A Perkin Elmer Model 600 Scanning Auger
Multiprobe (SAM) or a Perkin Elmer Model 660
recently installed in the Department of Materials
Science and Engineering at the University of
Florida was used to analyze the surface of
chalcopyrite specimens. Specifically, AES
[26,55] has been used to study the spatial
distribution of specific elements over the
surface and their variation with depth into the
solid. It is also being used to study
semiconductors, metals, alloys and mineralogy to
study the outer surface layers for contamination,
surface migration, or segregation, as well as
diffusion studies (often in conjunction with a
number of surface analytical techniques)
[4,18,28,56,62].
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The primary electron beam energy in this
study was generally 5keV with a beam current of
0.050uA. The base pressure of the vacuum system
was typically 5 x 10710 Toprr. Secondary
electron images are used to help locate the
specific areas of interest on a specimen. The
electron spectrometer in SAM was a cylindrical
mirror analyzer. A 3keV argon ion gun with a
current density of 25mA/mmé and a raster size
of 3x3mm was used for sputter removal of atoms
from the sample surface. The gun was_ operated
with an argon pressure of 5 x 10" 3Torr.

Optical Microreflectometry (OMR)

The reflectance technique used in this
study to optically characterize freshly polished
surfaces and thin films formed on these surfaces
is called optical microreflectometry (OMR).
Traditionally reflectometry has been used in
mineralogy to identify small phases present
within an ore mineral. Experimental reflectance
curves were measured with normally incident
light between 420nm and 740nm. The optical
microreflectometer (see Figure 1) was further
developed by Caye [8] in its present use. There
are four main components (see Figure 1): (1) a
white Tight source, (2) a monochromator (see
Figure 1), (3) the microscope and (4) a
detector. White light from the source is
monochromatized and focused onto a sample by the
microscope (20X objective, 0.4 numerical
aperture). The area of analysis was 20um in
diameter. The reflected Tight is also focused
by the microscope and its intensity is measured
by the photomultiplier tube. The result is a
reflectance curve (i.e., a plot of percent
reflectance versus wavelength). A standard
(SiC) is generally used to determine the
reflectance of an unknown specimen, Rspec by,

R =R (Ispec)/(Istan) (1)
where Ignee or Igpay represents the reflected
intensity from either the specimen or the
standard, respectively, and Rgty, is the known
reflectance of the standard. The reflectance
curve for a bulk homogeneous solid may also be
calculated using the complex index of refraction
(see equations 2 and 3 below). Although more

spec stan

1IEEE

Figure 1. Schematic diagram of the Optical
microreflectometer used to measure the percent
reflectance as a function of wavelength between
420nm and 740nm. The numbered components are 1)
white Tight source, 2) monochromator, 3)
microscope and 4) photodetector.
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complicated, a reflectance model was developed
to calculate reflectance curves for a bulk solid
covered with a thin absorbing layer of a
different chemical compound [48].

This model assumes normally incident light
onto an absorbing substrate covered with one or
more thin absorbing films. The substrate and
films are assumed to exist with perfectly
parallel interfaces [48]. Bulk optical constants
have been used for the films in calculating the
reflectance curves. Development of the model
starts with the interaction between substrate i
and air k. The reflectance coefficient between
medium i and k is given by:

where n is the real refractive index and x is the
extinction coefficient. The optical constants n
and x are related to the complex index of
refraction N, by N = n - j x. The phase change

05 of light reflected at the interface is given
by:
2(n X —~ X )
i k ki
tan (8 ) = (3)
ik 2 2 2 2
(n -n)+(x - x)
i k i k

Equations 2 and 3 may be extended to a
substrate covered with a thin film in contact
with air. Reflection at both interfaces plus
multiple internal reflections within the single
homogeneous layer is traced and the photodetector
detects the intensity of the amplitudes of the
reflected wave which are summed. An overall
phase change can be described which includes
phase changes due to reflection at successive
interfaces and the phase changes due to optical
path difference. The resulting reflected
intensity from a substrate (0) covered with an
absorbing thin layer (1) in contact with air (2)
is denoted as R' where d is the thickness of the
film and L is the wavelength of light

(4)

_R21+R10e2A+2{R21R10}-5eAcos{921010+4nnldl/L)

1+R21R10e2A+2{R21R10}-5eAcos{@21+010—4nnd/L)
where A = -4mxqdq/L.

Thus, for a single homogeneous layer, the
resulting reflectance, R', is a function of the
phase changes at each interface 05y, the
reflection from each interface, Ry, the optical
constants n and x, the film thickness d, and
the wavelength of light, L. This model can be
extended to multiple thin films on a substrate
through an iterative procedure [48]. For this
study three homogeneous layers were used to
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model the reaction products formed on
chalcopyrite.

Electron Probe Microanalyzer (EPMA)

X-ray spectrometry using the Electron probe
microanalyzer for mineral analysis has been
described previously [51]. The equipment is
installed in the joint BRGM-CNRS Tlaboratory in
Orleans, France. It is fully computer automated
with four wavelength dispersive X-ray
spectrometers. The experimental data were
converted to weight concentrations by the use of
the ZAF analytical expression [20]. In general
this technique was used to characterize the bulk
composition of chalcopyrite and other phases
present within the specimen. Data from EPMA
showed that arsenic, silver, selenium, and
indium were below the detection Timits of
270ppm, 500ppm, 500ppm, and 850ppm,
respectively, in the bulk chalcopyrite
specimens.

X-ray photoelectron spectroscopy (XPS)

A Kratos XSAM 800 X-ray Photoelectron
spectrometer (XPS) installed in the Department
of Materials Science and Engineering at the
University of Florida was used to further
complement the AES and OMR data. Chemical state
information on the products formed on the
surface of CuFeS, and as a function of film
depth was obtained [52]. Angle resolved or
grazing angle XPS was used to increase the
sensitivity to species at the surface [2]. As
the angle of electron emission relative to the
sample surface is decreased, the surface area
analyzed is increased while the sample depth
analyzed is decreased; this has the effect of
increasing the relative peak intensities of the
surface species. An angle of 90° was used for
normal analysis while a grazing angle of 25° was
used for angle resolved analysis. The use of
this technique was limited by the spatial
resolution as compared to AES and OMR.

Results and Discussion

The inclusions present in the bulk
chalcopyrite specimen are shown in the photo in
Figure 2. A secondary electron image of a
specimen with a copper sulfide inclusion is
shown in Figure 2a, the white area is chalcocite
(CusS) while the dark area is the bulk
cha?copyrite. A backscattered electron image is
shown in Figure 2b for another bulk chalcopyrite
specimen with bornite (CugFeSy) and goethite
(FeOOH) inclusions. The dark grey areas
represent the goethite regions while the 1ight
grey areas represent the bornite inclusions with
the remaining area the bulk chalcopyrite. Due
to the presence of inclusions throughout the
specimen it was necessary to use Auger electron
spectroscopy in the point analysis mode.

Auger electron spectra

Auger point analysis on the chalcopyrite
area of the specimen was employed to obtain a
depth profile of the film formed after heat
treatment at 300°C. The color associated with
this specimen was orange-pink as compared to the
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UFMSE

Figure 2. Secondary and Backscattered electron
images of chalcopyrite specimens; a) secondary
electron image of chalcopyrite with chalcocite
inclusions (as white veins) and b) backscattered
electron images of bulk chalcopyrite with bornite
inclusions (light grey veins) and goethite (dark
grey veins). Bars = 100 um (in both figures).

brass-yellow of the freshly polished specimen.
Color formation has been correlated with film
thickness [29] and impurities reacting to form a
compound at the surface of chalcopyrite [10] both
in the bulk and from adjacent minerals found in
contact with chalcopyrite. Auger spectra (Figure
3) of the chalcopyrite region showed that the
primary chemical constituents detected on the
surface were Fe and O with some C and S.
Additionally, two low energy Fe MVV transitions
were detected before sputtering (Figure 3a). The
low energy Fe MVV transition (48.0eV) initially
showed the presence of an iron oxide because the
Fe MVV transition was split into two peaks at
45.0eV and 51.0eV (peak energy difference equals
6.0eV). The split in peaks and the energy

difference between the two peaks is consistent
with an Fe304 layer with a small amount of Fey03
or FeOOH (increases the peak energy difference)
at the surface [56]. Dry oxidation of
chalcopyrite [12] was studied with Auger
electron spectroscopy (AES). Initial

adsorption of oxygen was associated with Fe
rather than Cu as demonstrated by the fact that
the Tow energy Fe MVV peak at 47eV split into
two peaks at 49eV and 40eV (C was at 269eV).
These two Fe peaks have been associated with
Fepo03 and oxidized iron surfaces, that is, they
appear to be associated with the formation of
Fet3. The total thickness of the oxidation
layer after 30 minutes' exposure in dry air was
1.2nm. Results [12] from naturally weathered
pieces of chalcopyrite (utilizing AES depth |
profiling) found film layers that were much ?
thicker and varied between samples. The
variation was not described although it was
implied as a difference in the total thickness
of the film layers.

From XPS data the FeOOH layer is believed
to be present with the Fe304. Sputtering
resulted in a decrease in the peak energy
difference to 5.0eV which is consistent with
Fe304 [56] and sputter removal of FeOOH. After 1
depth profiling (Figure 3b), only one Fe MVV
transition was detected. The splitting of the
Fe MVV Auger transiticn upon oxidation has been
interpreted in terms of a cross transition
between the 0 2p states and the Fe 3p states in
Fe304 [13]. That is, the emergence of two new
peaks in the Auger spectrum is associated with
rearrangement of the electronic structure of the
valence band due to oxide formation.

The depth profile for the chalcopyrite re-
gion (see Figure 3c) showing an outer oxide layer
was observed. A copper-rich sulfide layer, with
copper in the same oxidation state as the bulk,
between the oxide and the bulk chalcopyrite was
indicated (approximately 4 minutes of sputtering)
since the Cu/Fe peak to peak ratio is greater
than unity.

In another study [3] chalcopyrite was
exposed to air and then characterized with XPS.
Exposure of chalcopyrite to air caused a rapid
formation of iron hydroxide or oxyhydroxide
within the first few layers. Basic iron sulfate
(Fes(S04)3) was formed subsequently and was
stated to be the major oxidation product in air.
The copper was found to remain in the same
chemical state (Cu+1) as found in the bulk by
monitoring the x-ray induced Cu L3VV Tine and the
Cu(2p(3/2)) line as a function of reaction time
(30days) in air. Exposure to air was not found
to involve the formation of ferric sulfate
(FeSO4) or sulfur (S) in the first few layers of
oxidation. The detection of an iron oxide and a
sulfate is consistent with the present study |
however the iron oxide is the predominant
surface reaction product in this study. It must
be noted that the specimen from Brion's work was
in powder form and contained other mineral
phases present while the present study used
polished bulk surfaces.

The copper-rich region and the iron oxide
region near the surface may have a region in
between but this could not be clearly detected
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Figure 3. AES point analysis for a chalcopyrite
(heated 300°C, 1h) area in a bulk natural
specimen; a) survey scan before sputtering, b)
survey scan after 17 minutes ion sputtering, and
c) depth profile.

by AES. Thicker iron oxide layers with
increased heating at 200°C and 300°C was
observed. This was also consistent with the
data obtained from the reaction at 23°C as a
function of time.
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Figure 4. Reflectance curves from natural bulk
chalcopyrite specimens measured immediately
after polishing (data from two different samples
shown to demonstrate reproducibility).
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Figure 5. Experimental (A-a) reflectance curve
for chalcopyrite reacted in air at 23°C for 1.5
years versus a calculated (o) reflectance curve
for the film geometry with reaction products as
shown in the schematic next to the reflectance
curves.

Optical microreflectometry (OMR)

To better characterize the reaction
products in terms of their spatial geometry and
the compounds present reflectance curves were
obtained from specimens after heat treatment or
long time reaction in air (9 months to 1.5
years). The area of analysis complemented the
area analyzed with AES. In fact, reflectance
curves were obtained prior to obtaining data
from AES and before and after heat treatment.

Reflectance curves for freshly polished sam-
ples from chalcopyrite areas within the bulk
specimen are shown in Figure 4. This curve can
be compared with the reflectance curve shown in
Figure 5 for a specimen reacted at 23°C for 1.5
years (triangles). A minimum in percent
reflectance at 430nm is observed.
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Figure 6. Experimental (o-o) reflectance curve
for chalcopyrite heated in air at 300°C for 1h
versus a calculated (o) reflectance curve for the
film geometry with reaction products as shown in
the schematic next to the reflectance curves.

This minimum in percent reflectance at a
specific wavelength will be designated as

Lmin- The calculated reflectance curve is also
shown in Figure 5 (squares) for an outer
magnetite layer an inner bornite layer in
contact with the chalcopyrite and an
intermediate layer of chalcocite between the
magnetite and the bornite. The reflectance
curves of chalcopyrite areas in the bulk
specimens at 200°C and 300°C were equivalent to
those reported at 23°C. A sequential shift in
Lmin to longer wavelengths was observed with an
increased thickness in the outer magnetite layer
as shown in Figure 6 and Figure 7 for Lmjn:
490nm and 695nm, respectively. In addition to
the shift to Tonger wavelengths a broad peak was
observed at 440nm as shown in Figure 7. The
shift in Ly, is associated with both the
increase in iron oxide thickness and the
optically absorbing properties of the compounds
formed at the surface.

Based on the surface products reported from
the literature in both aqueous and nonaqueous
environments a number of film geometries were
postulated as an initial attempt to calculate
reflectance curves. As a first attempt the
intermediate region was chosen to be bornite,
CugFeSg, while the outer oxide layer was varied
between Fe304 (magnetite), FepOz(hematite), and
FeOOH(goethite). Reflectance curves were
calculated by first obtaining a curve for each
appropriate crystallographic orientation for
Fes03 and for FeOOH then averaging these
reflectance curves to obtain a final reflectance
curve for each compound. Chemical equations
were written for chalcopyrite reacting with
oxygen and in some cases reacting with water to
form bornite and either magnetite, hematite, or
goethite as the outer oxide. Sulfur dioxide was
released as a gas. Roasting data [15,60] has
shown that SO, is given off at temperatures of
500°C and above. Resistivity data from
chalcopyrite [15] has shown that sulfur is
released from the bulk substrate from below room
temperature up to 310°C thus depleting the bulk
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Figure 7. Experimental reflectance curves from
two different points (e-o, c-o) for chalcopyrite
reacted in air at 300°C for 2h versus a
calculated reflectance curve (e) for the film |
geometry with reaction products as shown in the |
schematic next to the reflectance curves.

composition in sulfur. Sulfur burns in air to
form SO» which can be released as a reaction
product both at 23°C, 200°C, and 300°C.

Chemical equations are first written and
then balanced according to the number of moles
on each side of the equation. Following this
the density (I gm/cm®) and molecular weight (MW)
of each compound are used to calculate a
thickness (D) of the compound formed assuming a
unit area of reaction. In addition the amount
of chalcopyrite that is consumed can also be
calculated and checked to be sure that this is
consistent with the specimen. It was found that
the amount of chalcopyrite consumed was a small
fraction of a percent of the thickness of the
sample (e.g., 100nm consumed from a 4mm thick
specimen corresponds to a thickness change of
only 0.0025%).

An example of the calculation for
chalcopyrite reacting to form bornite (Cu5FeS4)
in contact with the chalcopyrite, plus an outer
layer of Fe304, and a CupS or CuS layer between
the iron oxide and the bornite layer was shown
in Figure 5 through Figure 7. The series of
balanced chemical equations for this type of a
film layer structure and the ratio of the film
layer thicknesses of one layer to another are
shown in Table 1. In this equation
chalcopyrite reacted with oxygen to form a
bornite layer, either a covellite or chalcocite
layer, and an iron oxide. The iron oxide
thicknesses were varied between 1nm and 33nm
which set the thickness of the copper sulfide
and the bornite layers. The first balanced
chemical equation in Table 1 is for a CupS layer
while the second set is for a CuS layer.

Modelling the layer between bornite and the
outer iron oxide as either CuS or CupS both
resulted in reasonable fits in most cases. This
is partially due to reduced sensitivity since
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the ratio of thickness of the iron oxide to the
copper sulfide is 6.53 and 7.95 for Cu»nS and CuS,
respectively. However, the majority o% the
curves were better fit with a CupS layer. It is
not possible to distinguish between covellite and
chalcocite based upon either AES or XPS data.
Although OMR data could not be used conclusively
to determine which copper sulfide is present the
reflectance modelling results suggest chalcocite,
CupS, to be the product formed most often.
Moreover, the free energy of formation is
8kcal/mole more negative for CupS than for CuS.

It is of interest to attempt to relate Lyip
to the thickness of the reaction layer. By
comparing the shapes and percent reflectance of
calculated and experimental curves, it was
possible to extrapolate back to a film layer
thickness and relate the L;, value to an average
thickness for the outer oxide; of course, this in
turn sets the thicknesses of the other two
layers. A plot of Ly;, versus the average
thickness of the outer iron oxide as shown in
Figure 8, where data are shown for an Fe304 outer
layer and either CupS or CuS layer between the
oxide and bornite. Obviously, the shift in Ly,
and thicknesses of the outer iron oxide layer are
correlated. The observed slight curvature
results from contributions from the other
reaction products (CupS, CuS, and CugFeSy) to the
shift in Lyj, as they thicken. Even the thin
CuyS layer can be important [52] since removal of
the CupS layer caused Lpjp to shift to a lower
wavelength, even though the oxide layer thickness
remained constant.
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Figure 8. Iron oxide (magnetite) film thickness

versus the shift in the wavelength minimum
(Lmin), assuming either CuS (o) or CupS (o) is
at the chalcopyrite/magnetic interface.

Thus, by combining AES and OMR data it was
possible to characterize the reaction products
formed on chalcopyrite between 23°C and 300°C.
This data was also found to be consistent with
XPS data which demonstrated that a thin iron
hydroxide layer was present. In addition, a very
thin Tayer of copper and iron sulfates were
present (0.5 - 1.0nm). Depth profiling and
angle resolved data demonstrated that the

sulfate and the hydroxide were concentrated only
at the surface while an iron oxide was found as
a function of depth into the film. The presence
of inclusions do not change the overall reaction
of the bulk chalcopyrite for distances greater
than 100pm from a chalcopyrite/inclusion
interface.

Table 1. Chemical equations used to calculate
thickness ratios between layers designated as
bornite, chalcocite, covellite, and magnetite.
The amount of bulk chalcopyrite consumed is
designated as D.

Compound: Chalcopyrite/Bornite/Chalcocite/Iron

Oxide
Formula: CuFeSp, /CugFeSg/ CupS / Fe30q
Thickness: D¢ Dp D¢ Df

CuFeS,+1.8050, --> 0.17 CugFeSq + 0.08 CupS +

0.28 Fe304 + 1.25 SOZ

Dp = 0.385 D.; Df = 0.287 Dc; Dy = 0.179 Df

e Thickness
(nm)
Fe O Df' F9304
34
Feror
Cu S D¢- CupS, Dy~ Cus
z
E= e et
Cu FeS Db_ Cu5FeS4
5 4
i e B T
CuFeS
2
Substrate

Compound: Chalcopyrite/ Bornite /Covellite/Iron

Oxide
Formula: CuFeSp / CugFeSq/  CuS / Fey0y
Thickness: Dc Dp Dy D

CuFeSp + 1.73 05 --> 0.18 CugFeSg + 0.09 CuS +
0.27 Fe304 + 1.18 SOg
Dp = 0.41 Dc; Dy = 0.104 Dp; Df = 6.61 Dy




Summary

The characterization of the reaction
products formed on bulk chalcopyrite as a
function of temperature demonstrated the
complementary use of AES and OMR. Depth
profiling with AES detected an iron oxide
(magnetite) and a copper-rich sulfide underlying
layer over the bulk chalcopyrite. The spatial
geometry and the compounds present were further
characterized with OMR. Balanced chemical
equations were used to calculate from OMR the
relative thicknesses of the film layers. The
film structure obtained by using both OMR and AES
consisted of an outer magnetite layer with a
bornite layer in contact with the bulk
chalcopyrite and an intermediate Cu,S layer
between the magnetite and the bornite. It is
postulated that the most likely intermediate
layer product was chalcocite based on
thermodynamic free energy of formation data.
Thus, the balanced chemical equations allow a one
parameter fit of the reflectance data. Data from
XPS analysis confirmed the presence of an iron
oxide on a macroscale and moreover detected a
hydroxide and sulfate on the outer 0.5 to 1lnm of
the film. The backscattered and secondary
electron images allow a specific area to be
chosen which can then be analyzed at the same
point with both AES and OMR.
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Discussion with Reviewers

M.T. Thomas: Has this work led to changes and
improvements to mineral processing to improve Cu
recovery?

Authors: The work reported in this paper has led
to better characterization of the minerals
contained within an ore. These data have
directly affected the procedure used for treating
and grinding the ore in preparation for mineral
recovery. Other surface studies along with these
have been used to predict variations in recovery
procedures which have led to enhanced recovery.
Therefore the answer to the question is yes, but
not based exclusively on the present paper nor
exclusively on the present authors.

D.W. Schowengerdt: Did you check the chemical
state of Fe using XPS in the regions where you
identified Fey03 and Fe304 by AES? Were the XPS
results consistent with your interpretation of
the AES peak splittings?

Authors: VYes this was checked with XPS, and yes
the two data sets agreed with one another.

D.W. Schowengerdt: How do you know that the
sputtering removed FeOOH to expose Fe304 rather
than converting one into the other by ion-
induced processes?

Authors: While we did not perform the
experiment of sputtering/bulk FeOOH to show it
would or would not reduce to Fe304 under our jon
bombardment conditions, the amount of Fe304
observed was too much to derive strictly from
jon conversion of FeOOH. Thus both FeOOH and
Fe304 must initially have been present.

M.F. Hochella, Jr.: Can the authors be more
specific on how their findings can be used to
further understand and develop sulfide mineral
processing or benefication? What is the
significance of understanding the surface
alteration of sulfides up to 3000C within this
context?

Authors: For the first part of this question,
please refer to the answer given above in
response to M.T. Thomas. With respect to the
second half we had two purposes. First to begin
investigating the ability to do an accelerated
ageing of minerals which might experience
"weathering" after partial completion of the
recovery process. Second, we also wanted to see
if we could simulate segregation and oxidation
over geologic time by accelerated ageing. These
questions are so broad that one study cannot
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answer them, but we were successful in
demonstrating that segregation could be observed
by "accelerated ageing".
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