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THE PRECIPITATION OF IRON IN EARLY SMELTED COPPER FROM TIMNA  

J. F. Roeder, J. F. Sculac, and M. R. Notis 
 
The archaeological site at Timna in the Aravah Region of Southern Israel is one of the most 
important sites relevant to the beginnings of metallurgical practice. First, it is a site 
where complete furnaces, tuyeres, slags, ores, and copper ingots have been found in situ1 
and representing different stages in metallurgical development, dating as early as the 
Chalcolithic Period (4th millenium B.C.). Second, because of the nature of the iron content 
of the copper ingots2 and some of the unique iron artifacts which have been found,3 it may 
be the strongest evidence that demonstrates that early iron smelting and metallurgy 
developed directly from copper metallurgy. For this study, a small piece of a copper ingot 
found at the site identified as Timna Site 2 (sample no. 575) was provided by Beno 
Rothenberg, the director of the excavations at Timna. 

Three morphological forms have been reported in the literature for the iron-rich phases 
found in high copper-iron alloys: (1) a primary iron phase originating during 
solidification, and often dendritic in form;1,2,4 (2) small spherical coherent solid-state 
precipitates;-5-14 and (3) intermediate-size star-shaped or cuboid precipitates.4,8,9,14 

Milton et al.2 noted that copper from Timna was strongly magnetic and then confirmed the 
presence of metallic iron by metallographic examination. Later work,' with copper samples 
taken from modern simulation smelting experiments thought to have been performed under 
similar conditions to those used at Timna, showed the presence of randomly oriented 
dendritic iron in the copper matrix. This form of iron is due to overdriving caused by a 
high-volume air blast in the presence of excess charcoal, which reduces the iron oxide 
present in the smelt. These dendrites result from the limited solubility of iron in copper 
below the liquidus as shown in the Cu-Fe phase diagram (Fig. 1). 

In the present study, electron probe microanalysis was performed on the Timna specimen 
with a JEOL 733 Superprobe. All measurements were performed at 20 kV and 10 nA by use of Cu 
and Fe Kα radiation. The iron dendrites are easily revealed by imaging of back-scatter 
electrons (Fig. 2) or Fe Kα x-ray emission (Fig. 3). The bulk composition was determined to 
be 3.66 w/o Fe-95.39 w/o Cu (4.14 a/o Fe) by area scan techniques. Point counting 
indicated the iron dendrites to have a copper content of 9.6 ± 0.3 w/o Cu (8.5 a/o Cu). 
Both are consistent with a melt temperature of 1170 ± 30 C. Point counting in the copper 
matrix away from any visible second phase gave a composition of 1.27 ± 0.08 w/o Fe (1.44 a/o 
Fe) consistent with the reduced low temperature solubility of Fe in Cu, and the presence of 
solid-state iron precipitates too small in size to be analyzed by the microprobe. 

Studies of precipitation and aging of Cu-Fe alloys have shown that the precipitation of 
spherical coherent γ-Fe particles5 occurs from the supersaturated solid solution at tempera-
tures below the peritectic reaction temperature of '-1095 C. This coherency occurs because 
the lattice parameters of Cu (a0 = 0.3615 nm) and γ-Fe (a0 = 0.3590 nm) are very close in size 
and both possess the face-centered cubic structure.6 The transformation is known to be 
caused by overaging7-9 and/or plastic deformation's but can be suppressed by impurity 
additions.11,12 It has been noted that precipitates smaller than a critical size will not 
transform5 even in the presence of plastic deformation and that for aging temperatures below 
800 C, no thermal treatment can transform the paramagnetic γ-precipitate to the a-
ferromagnetic form in the absence of plastic deformation, even when greatly overaged.8 When 
the γ → α transformation occurs, the transformed precipitates consist of {112}α type twins

13 
and have a near Kurdjumov-Sachs orientation relationship with the copper matrix.5 It has 
also been demonstrated that the γ → α transformation occurs when the elastic constraints of 
the surrounding matrix are 
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removed, as through electrolytic extraction.12 These observations have led to the suggestion 
that the γ → α transformation does not occur when the precipitates do not contain the 
crystal defects necessary to nucleate or allow the martensitic transformation to proceed.14 

The morphology of the overaged precipitate has been observed in a number of the above 
studies. Easterling and Miekk-Oja1 used replication techniques in TEM to show that aged 
precipitates have a cuboidal shape. Furnace-cooled specimens prepared by Boltax9 contain 
cuboidal and star-shaped precipitates large enough to be resolved by optical microscopy. 
Cooke and Aschenbrenner4 show similar structures for furnace-cooled alloys; however, they 
indicate that alloys with 2-4% Fe, remelted at 1200 C and quenched in water, are also 
ferromagnetic, most likely due to transformation of small residual Fe-dendrites formed 
during cooling, as this result is inconsistent with other studies describing solution 
treating and quenching experiments from below the peritectic temperature.8,9 

The morphology characteristic of the overaged precipitate was observed in the current 
study during examination of the Timna specimen. Figure 4 is a backscattered electron image, 
and Fig. 5 is an Fe-Kα x-ray image, showing the star-shaped precipitate morphology and 
indicating the high Fe content. As the resolution of these precipitates was poor, a thin foil 
was cut and ion-thinned, and the specimen was examined by TEM for better resolution and 
identification of these precipitates. A bright-field image (Fig. 6) obtained on a Siemens 
Elmiskop I 100kV electron microscope shows the star-shaped appearance of these precipitates; 
their common alignment indicates a possible fixed orientation relationship with the matrix. 
Further investigation was performed on another thin foil on a Philips EM400T operating at 
120 kV. As problems were encountered with specimen thinning and as the precipitates are not 
uniformly distributed within the foil, it was extremely difficult to find areas with both 
the matrix and precipitates thin enough to produce simultaneous diffraction. One such 
selected area diffraction pattern is shown in Fig. 7; a dark-field image produced from one 
of the precipitate spots is shown in Fig. 8 and appears to illuminate only one part of the 
star-shaped precipitate. Tentative indexing of the pattern indicates a [011] axis for one 
set of spots and a [112] for the other. Both patterns appear to be FCC and to bear a fixed 
orientation to each other, but different from that expected from the transformed y-Fe 
precipitates. We believe that small particles nucleated during solidification would not be 
aligned as is observed in Fig. 6 and would not necessarily show a simple orientation 
relation to the matrix that would have solidified afterwards. Therefore, we believe that the 
observed star-shaped precipitates were formed in the solid-state during slow cooling in the 
smelting furnace but maintained their FCC structure, possibly because of impurity 
stabilization and in the absence of plastic deformation. In any event, further study is 
warranted to establish the orientation relation between these precipitates and the matrix. A 
better understanding of the conditions under which they form might yield useful information 
concerning furnace conditions during smelting. 

A further point deserves mention with respect to the possibly misleading statement by 
Cooke and Aschenbrenner4 that a hand-held magnet will conclusively indicate the presence of 
metallic iron in a copper sample. As discussed previously, when iron precipitates in the 
solid state, as small coherent particles in copper-rich iron-copper alloys, it has the FCC 
structure and is paramagnetic. Pure Cu is diamagnetic but the solid solution of FCC c-Cu is 
also paramagnetic. The paramagnetic y-Fe precipitates transform to ferromagnetic a-Fe only 
under the deformation/aging conditions described previously. Third elements also have an 
effect on the y - a transformation; e.g., nickel12 can completely suppress the 
transformation when present in amounts greater than ~5%, and similar effects have recently 
been observed" for the presence of Sn and Si. More work is needed in the area of other 
archaeologically im-portant third elements (e.g., As, Bi, Sb) and their effect on the 
magnetic transformation. 
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FIG. 1.--Cu-Fe phase diagram.l5                      

 
FIG. 3.--Fe Kα x-ray image (microprobe) 
of iron dendrites in copper matrix.  

 
FIG. 5.--Fe Kα x-ray image (microprobe) of 
iron precipitates in copper matrix. 
 

 
FIG. 2.--Backscatter electron image (micro-
probe) of iron dendrites in copper matrix. 

 
FIG. 4.--Backscatter electron image (micro- 
probe) of iron precipitates in copper matrix. 

 

 

FIG. 6.--Bright-field TEM of star-shaped 
precipitates. 
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FIG. 7.--Selected-area diffraction pattern 
with precipitate and matrix spots super- 
imposed. 
 

 

  
FIG. 8.--Dark-field image (TEM) of star- 
shaped precipitates. 
 

 


