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Abstract

The synthesis of Cu2S from copper foils embedded in sulfur has been studied by DTA from 25 to 6008C with a heating rate

of 10 K/min. The educts and products were characterized by microscopic, microprobe and X-ray measurements.

Two main reactions take place: one immediately after melting of sulfur and the other above 3008C. During the ®rst reaction

a non-uniform layer containing CuS, Cu1.1S, Cu2ÿxS with gaps is observed. Its copper content increases from outside to inside.

After the ®rst main effect the reaction stops due to a removal of the layer from the foil. Therefore, diffusion of copper

vacancies is hindered. Starting with the second main effect, the reaction mechanism changes because Cu2ÿxS decomposes into

copper and gaseous sulfur, which then reacts with the foil. This leads to a dense outside layer and a porous layer around the

foil. Both consist of Cu2ÿxS.

In direct contact with liquid or solid sulfur always CuS or Cu1.1S is formed whereas in contact with gaseous sulfur at ®rst

Cu2ÿxS appears.

After the reaction either a cavity surrounded by a dense layer or a dense layer on an inner porous layer are produced which

probably depends on geometry and size of the copper sample. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In view of the lack of knowledge and of contra-

dictory results on the reaction between copper and

sulfur we investigated the factors which in¯uence the

formation of Cu2S from the elements. In the ®rst

paper copper was used in form of powders [1]. Inves-

tigated parameters were amongst others: shape of

samples (powders or pellets), mechanical treatment,

pre-treatment, particle size, and aging. Now we have

investigated the complete reaction of copper foils with

liquid sulfur under dynamic conditions with DTA.

Intermediate and ®nal products were characterized

by microscopic observations, X-ray and microprobe

analyses.

Copper foils form in solutions of sulfur in organic

solvents immediately dark layers of CuS or Cu2S

[2,3]. Copper foils turn black if rubbed with sulfur

or stored with sulfur in an evacuated container without

direct contact of the elements [4].

Some authors studied the reaction of copper foils,

whiskers, wires, or single crystals with gaseous sulfur
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under isothermic conditions. Most investigations were

performed at low-vapor pressures to obtain surface

layers of copper sul®des [2,5±8]. Only in one case

complete reaction was reported [9,10].

The structure of very thin epitaxial sul®de layers on

single crystal ®lms of copper did not depend on the

substrate temperature but on exposure time or layer

thickness, when the vapor pressure of sulfur is very

low. The overgrowth started as Cu2ÿxS (x � 0) but

transformed to b-Cu2S and ®nally to a-Cu2S with

increasing thickness of the layer [7,8].

Tazaki and Kuwabara [5] worked at rather

high-vapor pressures and found that at lower substrate

temperatures a CuS layer and at higher tempera-

tures a layer with more copper rich sul®des were

produced.

Trehan and Goswami [6] observed on a single

crystal face up to four different sul®de layers when

the reaction rate was very slow. At ®rst copper rich

sul®des were formed and on further reaction the top

layer consisted entirely of CuS. Higher reaction rates

were obtained at higher vapor pressure and led to

rough layers of CuS which often peeled off from the

substrate. Polycrystalline copper reacted similarly but

faster.

Lambertin and Colson [9,10] studied the sul®dation

kinetics of thin copper wires and whiskers between

150 and 4508C and 1±130 Pa vapor pressure of sulfur.

Below 3108C CuS and above this temperature digenite

with the composition Cu1.84S were formed. The

authors showed that cavity formation caused by metal

consumption started at the metal/sul®de interface and

grew inwards as the reaction proceeded. An exterior

honeycombed region was observed which was tra-

versed by metal bridges and ®laments linking the

internal metal core to the sul®de. The bridges assured

the metal supply and disappeared when the conversion

was completed. The reaction produced a thick, dense

protecting sul®de layer. The rate of reaction was

determined by the diffusion through this layer. In

substrates with cylindrical or spherical symmetry a

global strain can be produced at the internal metal/

sul®de interface, which could cause a partial separa-

tion of the sul®de layer or even its rupture.

Recently, Tereshkova [11] studied scaling of copper

rods with gaseous sulfur at 4458C. Two non-stoichio-

metric copper sul®de layers (digenite) were found,

close in their chemical composition and different in

their densities. The inner sul®de layer was porous and

®lled the space between the outer dense layer and

copper. The growth of the two layers obeyed the

parabolic law limited by copper ion diffusion.

2. Compounds and diffusion

In the ®rst paper some information about the Cu±S

phase diagram and metastable compounds were given

[1].

The structures of the stable copper sul®des can be

divided into three groups, which are based upon the

packing of the sulfur anions. In the structures of a-

Cu2S, b-Cu2S, and Cu1.95S, the sulfur atoms are

arranged in hexagonal close-packing and in the struc-

tures of Cu2ÿxS and Cu1.75S in cubic close-packing. In

CuS and Cu1.1S hexagonal close-packing of sulfur is

combined with covalent bonding between sulfur

atoms [12]. While the high-temperature phases

Cu2ÿxS and b-Cu2S are highly disordered, the low-

temperature phases a-Cu2S, Cu1.95S, and Cu1.75S form

complex ordered superstructures. The high-ordering

leads to a week distortion of the sulfur framework [13±

16]. In all stable copper sul®des copper is monovalent

[17,18].

Only copper participates in the bulk diffusion pro-

cess in copper sul®des because the self-diffusion

coef®cient of sulfur is ®ve to six orders of magnitude

lower than that of copper [11,19]. The diffusion model

based on negatively charged copper vacancies and

electron holes which move in the same direction

[10,20,21]. The chemical diffusion coef®cients of

copper within the homogeneity range of a phase are

constant (Cu1.95S) or decrease with increasing sulfur

content (a-Cu2S, Cu2ÿxS) [20,22,23]. An Arrhenius-

type of temperature dependence was found for the

chemical diffusion coef®cients of copper [24,25]. Less

is known about diffusion phenomena in CuS.

3. Experimental

3.1. Methods

The characterization of samples with DTA, DSC,

and X-ray measurements was previously described

[1].
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Microprobe analyses were performed with an elec-

tron beam X-ray microprobe SX 50 (Cameca). The

samples were embedded in transparent resin, sanded,

followed by further plastic mounting procedures to ®ll

the internal cavities, polished and then sputtered with

carbon.

Light microscopic pictures were taken with a spe-

cial re¯ected-light microscope (Reichert) for micro-

graphic determination with an option for polarized

light.

Scanning electron microscope pictures were taken

with a DMS 962 (Zeiss). Non-conductive samples

were sputtered with gold.

3.2. Chemicals

Table 1 contains sources and some properties of

copper and sulfur, used in the studies. Oxide layers on

the surface of copper foils were removed with half

concentrated HCl or by dipping the hot foil which was

pre-heated in argon atmosphere into ethanol. Sulfur

was recrystallized twice from CS2 and treated in

vacuum at 1508C for 0.5 h to remove solvent and

traces of water. After puri®cation the elements were

stored under argon.

In all cases coarse ground sulfur and, if not other-

wise mentioned, foils reduced in ethanol were used.

3.3. Preparation and measurement

Samples with the stoichiometry (2Cu� S) were

obtained by weighing corresponding amounts of the

elements (accuracy �1.0 mg) into quartz ampoules.

These ampoules were heated in vacuum to remove

water, ¯ushed with argon, and then ®lled. During

sealing the end of the ampoule was cooled to prevent

reaction. Immediately after sealing the samples were

used for thermal analyses to avoid aging effects. The

arrangements of the educts are shown in Fig. 1. In

DTA experiments approximately one half of the cop-

per foils was embedded in the sulfur, therefore reac-

tions had to be distinguished between those of copper

in contact with liquid sulfur or with gaseous sulfur. In

DSC experiments foils lay on sulfur.

Thermal effects were characterized with ex situ

microprobe measurements by quenching samples

from the temperatures of the peak onset, the maximum

and the end of the effect in an ice-water mixture. In

samples for microprobe analyses residual elemental

sulfur was removed with CS2. After the microprobe

measurements, the samples were polished and light

microscopic pictures were taken. Then the samples

were measured with XRD.

Different reaction layers for X-ray measurements

were separated by removing the inner layers with a

dissecting needle. Most samples contained a mixture

of copper rich sul®des after complete reaction, due to

the slight excess of sulfur in the preparation.

To investigate the surface of partly reacted copper

foils copper sul®des were dissolved in a solution of

NaCN in water.

Table 1

Copper and sulfur used in this work

Element Source Shape Puritya (%) Purification methods

Copper Goodfellow Foilb OFHCc, 99.95 Reduced in ethanol or cleaned in HCl

Sulfur Riedel Powder 99.5 Recrystallized

a Given by producer, for copper only metallic impurities.
b 1 500 mm.
c Oxygen free high-conductivity.

Fig. 1. Arrangement of samples. Copper foil: black; sulfur: grey.

(a) DTA; (b) DSC.
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In aging experiments one part of samples was stored

in contact with sulfur, another one separated from

sulfur in a sulfur atmosphere, both in evacuated quartz

ampoules at room temperature.

The in¯uence of heating rates was investigated

using a DSC 404 (Netzsch) with heating rates of

0.5, 2.5, 10, and 40 K/min.

4. Results and discussion

4.1. Characterization of copper and sulfur

In the ®rst paper as-received and puri®ed sulfur and

copper samples from various sources were character-

ized by DTA and XRD [1].

The typical melting peak of copper was observed

with oxygen-free copper foils [1]. SEM pictures of the

surface of a copper foil are shown in two magni®ca-

tions in Fig. 2. No differences between as-received and

cleaned copper foils were found. The thermoanalytical

data of recrystallized sulfur agreed well with literature

data cited in [1].

4.2. Reproducibility

Some experiments were repeated several times to

ensure that differences in the reaction products and

temperatures are due to alteration of parameters.

The samples were investigated under identical con-

ditions to judge the in¯uence of inaccuracy of weigh-

ing, differences in foil shape, and aging. Only the

peaks and shoulders following the main reaction peak

(F4, Fig. 3) were not reproducible with respect to onset

temperature and number of effects. At higher tem-

peratures large thermal effects also showed differ-

ences. The average standard deviations of reaction

temperatures (phase transition temperatures) are

�5.08C (�1.28C). The reproducibility of thermal

effects using foils embedded in sulfur is better than

those of powders and pellets [1]. Different DTA traces

are presented in Fig. 3. In Fig. 4 the standard devia-

tions are given with respect to onset temperatures. The

maximum is found at higher temperatures.

4.3. Analyses of DTA traces

The course of the reaction on heating (Table 2) can

be described with the results of XRD investigations

Fig. 2. SEM pictures of the surface of a copper foil as-received.

Fig. 3. DTA traces of different (2Cu� S) samples examined under

identical conditions.
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(Table 3), of the microscopic observations and the

microprobe measurements (Table 4). The hypothetic

formulae which correspond to the molar fraction

obtained by microprobe analyses are given in brack-

ets. Notation of peaks can be taken from Fig. 3. Table 2

contains the peak onset temperatures. Sulfur rich

Cu2ÿxS transformed after quenching into Cu1.8S and

copper rich Cu2ÿxS into Cu1.95S, Cu1.96S, or a-Cu2S,

as detected by XRD (Table 3).

A weak exothermic effect (F1) was sometimes

observed at ca. 918C, usually it was hidden by the

phase transformation of sulfur (F2). In our opinion the

effect is caused by the formation of CuS on the

surface. Melting of sulfur (F3) is only indicated,

because it is superimposed by a strong exothermic

reaction (F4). This reaction takes place on the foil in

contact with liquid sulfur and produces on the outside

layers with a copper content of xCu � 0:53

(`̀ Cu1.15S'') which are dyed blue by covellite, CuS

(Fig. 5). The deviation from the ideal composition

CuS has two reasons: the layers contain small amounts

of Cu2ÿxS and of metastable yarrowite, Cu1.1S [26].

The latter was observed by Moh [27,28] in similar

experiments. We did not detect this phase by XRD or

microprobe analyses, but in microscopic experiments.

CuS gets red with polarized light whereas yarrowite

remains blue [28,29]. The occurrence of spionkopite,

Cu1.4S [12,30], another metastable blue remaining

covellite, was excluded by XRD measurements.

With increasing distance from the outside the

digenite content increases which leads to copper

contents in the range x � 0:55 (`̀ Cu1.3S'') to

x � 0:62 (`̀ Cu1.6S''). In direct contact with the copper

foil thin layers of pure grey Cu2ÿxS appear, separated

from the other layers and forming a gap to the copper

foil. Cracks, mostly parallel to the copper surface,

were observed in the product layer, however, they do

not separate different phases and are sometimes ®lled

with Cu2ÿxS (sample lq2, Table 4).

Fig. 5 shows a layer and Fig. 6 the surface of such a

partly reacted copper foil. Compared with the

unreacted foil (Fig. 2) the surface is more rough

and rippled, many cubical pits are observed.

On further heating F4 is slowly decaying and

followed by several peaks (between 4 and 16) starting

in the ¯ank. Their onset temperatures are not repro-

ducible. These effects decrease with increasing tem-

perature and vanish at ca. 2608C. They can be due to

either reactions between domains of CuS and Cu2ÿxS

or ¯uctuations in the reaction rate caused by strain.

The latter leads to sudden changes in the contact area

of the copper/copper sul®de interface. The ®rst

hypothesis is supported by the observation that after

these effects zones of different phases are better

separated than immediately after the maximum of

F4. The reason for bigger thermal effects which occur

sometimes close to F4 may be large cracks in the

sul®de layer which allow direct contacts of liquid

sulfur with the copper foil.

After these effects the product consists on the out-

side of a thin layer with xCu � 0:51 (`̀ Cu1.05S'') and

near to the copper foil of a thick layer of sulfur rich

Cu2ÿxS. These two layers can be separated by a thin

region which contains both phases.

On the part of the foil in contact with gaseous sulfur

only a very thin layer of grey sulfur rich Cu2ÿxS is

Fig. 4. Average values of the standard deviations of the onset

temperatures of reactions.

Table 2

Thermal effects as-detected by DTA of foils embedded in sulfur (2Cu� S)

Effect

F1 F2 F3 F4 F5 F6

Type of reaction Exothermic Endothermic Endothermic Exothermic Exothermic Exothermic

Temperature (8C) 91 � 2 107 � 1 122 � 1 128 � 4 306 � 7 348 � 6
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formed up to 1508C, then the layer thickness increases

rapidly. After ca. 2008C a thin CuS ®lm is formed on

the Cu2ÿxS layer which thickens in the course of the

reaction. At the same time in the reaction zone with

liquid sulfur the CuS content decreases so that the

products in the two reaction zones differ mainly in the

extent of conversion.

After the ®rst main effect (F4) the reaction stops.

With increasing removal of the reaction layer from the

foil contacts by which copper can diffuse into the

reaction zone are diminishing.

Differing intermediate products were not only

observed vertical to the copper foil but also in regions

parallel to the foil, as shown by Fig. 7, in which large

Table 3

Phases observed in quenched samples

Interruption of the reaction Source of layers Productsa

During F4 CuS [33], Cu1.8S [34]

After F4 Layers which peeled off CuS, Cu1.8S

Layers which sticked at the foil Cu1.8S, CuS, Cu1.95S [35]

Between F4 and F5 Cu1.8S, CuS

Before F5b Cu1.8S, CuS

During F6 Porous inner layers Cu1.8S, Cu1.95S

Dense outer layers Cu1.8S, Cu1.95S

After F6b Cu1.95S, Cu1.8S, Cu1.96S [36]c

After F6 Porous inner layers Cu1.95S, Cu1.8S, Cu1.96S

Dense outer layers Cu1.8S, Cu1.95S, Cu1.96S

After cooling Porous inner layers Cu1.96S, Cu1.95S

Dense outer layers Cu1.96S, Cu1.95S, a-Cu2S [37]

a Phases in the order of intensities of XRD re¯ections.
b Foils previously cleaned in HCl.
c (#) Very low-concentration.

Table 4

Layers observed in quenched samplesa

Interruption of the reaction Molar fraction of copperb

During F4 g: 0.63 (Cu1.72S)/0.64 (Cu1.80S), 1.00 (Cu)

lq1: 0.53 (Cu1.15S)/0.53 (Cu1.12S)/0.54 (Cu1.16S), 0.59 (Cu1.47S), 0.56 (Cu1.27S)/0.64 (Cu1.79S)/1.00 (Cu)

lq2: 0.53 (Cu1.12S)/0.53 (Cu1.11S)/0.64 (Cu1.79S), 0.53 (Cu1.11S), 0.57 (Cu1.30S), 0.54 (Cu1.17S),

0.65 (Cu1.83S), 0.61 (Cu1.58S), 0.64 (Cu1.81S)/1.00 (Cu)

lq3: 0.52 (Cu1.09S), 0.56 (Cu1.27S)/0.62 (Cu1.64S)/1.00 (Cu)

After F4 g: 0.60 (Cu1.50S)/0.63 (Cu1.68S)/0.61 (Cu1.58S)/1.00 (Cu)

lq: 0.51 (Cu1.05S), 0.55 (Cu1.23S), 0.51 (Cu1.05S)/0.51 (Cu1.05S), 0.61 (Cu1.53S)/1.00 (Cu)

Between F4 and F5c g: 0.64 (Cu1.77S)/1.00 (Cu)

lq: 0.64 (Cu1.77S)/0.64 (Cu1.79S)/1.00 (Cu)

Before F5d g: 0.51 (Cu1.04S)/0.62 (Cu1.61S)/0.63 (Cu1.73S)/0.64 (Cu1.77S)/0.67 (Cu2.00S), 1.00 (Cu)

lq: 0.51 (Cu1.03S)/0.51 (Cu1.04S), 0.56 (Cu1.27S)/0.63 (Cu1.72S)/0.66 (Cu1.92S), 1.00 (Cu)

After F6d g: dl 0.67 (Cu2.02S)/pl 0.67±0.67 (Cu2.07S±Cu2.00S)/1.00 (Cu)

lq: dl 0.66 (Cu1.97S)/pl 0.67±0.66 (Cu2.06S±Cu1.94S)

After cooling g: dl 0.66 (Cu1.97S)/pl 0.66 (Cu1.97S)

lq: dl 0.67 (Cu1.99S)/pl 0.67 (Cu1.99S)

a lq: Copper foil in contact with liquid sulfur during reaction; g: copper foil in contact with gaseous sulfur during reaction; /: gap between

the layers; dl: dense layer; pl: porous layer.
b From outside to inside, formulae of the corresponding hypothetic composition given in brackets.
c Without the outside layers.
d Foils previously cleaned in HCl.
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Fig. 5. Micrograph of a partly reacted (2Cu� S) sample (quenched during F4, in contact with liquid sulfur) combined with the corresponding

results of a microprobe scan. White region: Cu foil; grey regions: CuS, Cu1.1S; light grey regions: Cu1.8S; dark grey regions: hardened resin;

black regions: holes in the hardened resin. The trace of the electron beam of the microprobe is visible in the hardened resin and is placed under

the s-axis of the diagram. The values in s±x diagram are the mole fraction of copper of the corresponding region (sample 1q1, Table 1).
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globes of Cu2ÿxS are linked by CuS bridges. A

comparison of the boundary of the foil with the

position of the products reveals that copper stems

from the foil directly underneath the product thus

minimizing the diffusion path.

On further heating, a strong exothermic effect (F6)

appears at ca. 3488C, occasionally with a shoulder

(F5) at ca. 3068C. All elemental sulfur and CuS have

reacted to Cu2ÿxS when the maximum of F6 is

reached. The layer is now grey.

Fig. 6. SEM pictures of the surface of the product free copper foil of Fig. 5.

Fig. 7. Micrograph of a partly reacted (2Cu� S) sample (quenched before F5, in contact with gaseous sulfur). White regions: Cu foil; light

grey regions: Cu1.8S; grey region (between and at the border of light grey regions): CuS; dark grey regions: hardened resin; black regions:

holes in the hardened resin.
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Starting with this second main effect the reaction

mechanism and morphology in the layer changes in

the manner described by Tereshkova [11]. On the

outside a dense zone without cracks is formed. The

layer next to the foil is porous with no mechanical

stability (Fig. 8). The dense layer of Cu2ÿxS partly

decomposes into copper and sulfur forming the inner

porous layer. Copper can diffuse to the outside, gas-

eous sulfur can react with the copper foil. This

mechanism was ®rst described by Dravnieks and

McDonald [31]. If one neglects the residual contacts

in the copper/copper sul®de interface the situation is

that of copper sul®de in a strong sulfur potential

gradient. With these conditions oxides are reduced

at the side with low-oxygen potential which lead to

morphological unstable surfaces [32].

The copper content of both layers is nearly iden-

tical. The boundary of the foil is now strongly ®ssured

during the reaction. After F6 the rests of the foil vanish

on further heating. The last position of the foil is

revealed by a dense arrangement of copper sul®de

particles (backbone marked in Fig. 9).

Samples which are heated to 5508C and cooled

slowly contain a mixture of a-Cu2S, Cu1.96S, and

Cu1.95S. We found after the reaction small longish

cavities of different sizes bordered by porous layers.

These porous layers were copper sul®de crystals

which sticked inside the outer dense layer. We con-

clude that with suf®cient annealing times and tem-

peratures the porous layer is consumed. Thus the

surface energy minimizes and cavities with compar-

able volume to that of the consumed metal may be

formed.

Contrary to the report of Lambertin and Colson

[9,10] we neither observed bridges of copper, which

allow continuous diffusion, nor cavities corresponding

to the volume of the metal at the end of the reaction.

In reaction mixtures with copper powders [1] with

Fig. 8. Micrograph of a partly reacted (2Cu� S) sample (quenched after F6, in contact with gaseous sulfur). White region: Cu foil; light grey

regions: Cu1.95S, Cu1.8S, Cu1.96S; dark grey regions: hardened resin; black regions: holes in the hardened resin.
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particle diameters in the range 36±100 mm, thus com-

parable with the diameter of copper wires (140 mm) or

whiskers (50 mm) used by Lambertin and Colson, we

never found porous layers but dense regions around

cavities. Fig. 10 depicts a residual copper particle in

such a cavity with almost the same appearance as

observed by Colson and Lambertin [9, Fig. 8]. It seems

that copper bridges from the inner particle to the dense

layer occur (Fig. 10a) and copper ®ngers create a very

large surface of the particle (Fig. 10b).

The copper/copper sul®de interface seems to be

morphologically unstable in most cases at least at the

end of the reaction. The unstability can affect copper

or copper sul®de, depending on shape and size of the

copper educt.

From the known facts reported in the introduction

and our results it is evident that covellites are formed

with high-sulfur concentrations and at low-tempera-

tures. Copper rich sul®des are observed with low-

sulfur vapor pressure or at high-temperatures. There-

fore, Tereshkova [11] did not observe CuS (decom-

position temperature 5078C) at 4458C even with a

sulfur vapor pressure of 0.1 MPa. This effect is sur-

prising under equilibrium conditions as given by

Ellingham diagrams.

Fig. 11 depicts DTA traces of all forms of educts:

powders reacted mainly after melting of sulfur. Pellets

give DTA traces with overlapping effects, the biggest

effects appearing at higher temperatures. DTA traces

of foils embedded in sulfur possess two well separated

main effects, one after the melting of sulfur and the

other at higher temperature than that in case of the

pellets. The part of reaction before the melting of

sulfur decreases in the order powder, pellet, foil. In

Fig. 9. Micrograph of a partly reacted (2Cu� S) sample (quenched after F6, in contact with liquid sulfur). Light grey regions: Cu1.95S, Cu1.8S,

Cu1.96S; dark grey regions: hardened resin; black regions: holes in the hardened resin. Arrows mark the last position of the vanished foil.
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spite of the different possible contact surfaces in

powders (As � 100 cm2/g, average particle diameter

d � 70 mm is assumed) and foils embedded in sulfur

(As � 3 cm2/g) the ®rst main reaction peaks are com-

parable. The end of the last main reaction peaks shifts

for foils approximately 658C to higher temperatures

compared with those in pellets or powders. The over-

lap of the formation of intermediate products increases

in the order powder, pellet, foil.

From the results with foils it is obvious that the

reaction starts with the formation of CuS and Cu1.1S

also in copper powders. However, its microscopic

detection was not possible because the particle size

was to small.

Compared with the DTA traces of educts in the form

of powders or pellets generally the phase transition

b-Cu2S! Cu2ÿxS (x � 0) (ca. 4508C) was not

observed, because the composition of Cu2S could

not be reached due to the slight excess of sulfur used

in the weighing procedure.

4.4. In¯uence of mechanical treatment and pre-

treatment

Mechanical treatment was achieved by rubbing the

foil with sulfur powder until black layers appeared.

The use of such foils in syntheses led within the

reproducibility to similar DTA traces as with untreated

Fig. 10. SEM picture of a (2Cu� S) mixture with copper in the form of powders (heated to 5508C and then slowly cooled). (a) Residual

copper particle in a cavity of a pellet sample; (b) magni®cation of such a particle of a powder sample.

Fig. 11. Typical DTA traces of mixtures (2Cu� S) of samples in

the form of powders [1], pellets [1], and foils embedded in sulfur.
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foils. Surprisingly, these layers have no protecting

function, contradictory to observations of the reaction

behavior when powders are used [1].

Foils reduced in ethanol or cleaned in HCl differ in

their reaction behavior only in one point, after melting

of sulfur the reaction starts somewhat faster on foils

cleaned with HCl.

4.5. In¯uence of aging

One foil was placed in a sulfur atmosphere and

stored for 10 months at room temperature. A second

foil was embedded in sulfur and stored 86 days also at

room temperature. The ®rst darkened within hours and

turned slowly to grey after several days. A microprobe

measurement revealed a thin layer sticking at the

foil with a molar fraction of copper of xCu � 0:66

(`̀ Cu1.92S''), probably by the formation of copper

rich sul®des like low-digenite Cu1.8S or djurleite

Cu1.95S.

The second foil was colored deep blue which is

typical for CuS. During the reaction small ®bers

peeled off. The product layers consisted of connected

domes similar in height. A cross-section of the layer

structure is depicted in Fig. 12. The distance between

layer and foil was approximately eight times larger

than the thickness of the layer. Microprobe and

microscopic investigations showed that the domes

consist of CuS and Cu1.1S.

These results con®rm the assumptions on the con-

ditions for the formation of copper sul®des in Section

4.3.

4.6. In¯uence of the heating rate

The heating rate is a decisive factor for the reaction

behavior. DSC traces of samples were taken with foils

cleaned in HCl. For better comparison the heat ¯ow f
was divided by the mass of the sample and the average

heating rate b. Fig. 13 reveals that two main effects

were observed. The onset temperature of the ®rst

reaction did not depend on the heating rate, but the

onset of the second peak shifts from 2078C (0.5 K/

min) to 4148C (40 K/min). The amount of products

formed after melting of sulfur decreases from 79% at

0.5 K/min to 28% at 40 K/min. This behavior is

opposite to that of pellets [1]. At slow heating rates

the reaction starts before the melting of sulfur is

indicated. Unlike to the reaction behavior in pellets

[1] effect F1 (not visible in Fig. 13) does not increase

with decreasing heating rates.

The very small endothermic effect at 4378C (0.5 K/

min) is due to the phase transition b-Cu2S! Cu2ÿxS

(x � 0).

Fig. 12. Micrograph of a partly reacted copper foil which had been embedded 86 days in sulfur. White region at the bottom: Cu foil; white or

light grey bows or rings: CuS, Cu1.1S; all other parts of the picture: hardened resin.
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Fig. 13. DSC traces of foils embedded in sulfur of (2Cu� S)

samples measured with different heating rates. Three quarters of

the main peak of the trace with 0.5 K/min are cut off.
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