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Dislocation etch pits in gold 

S. HASHIMOTO,*  S. M IURA,  T. KUBO 
Department of Mechanical Engineering, D oshisha Univeristy, Kyoto, Japan 

Newly developed etch-pitting technique for gold is reported. A one-to-one correspondence 
is obtained between etch pits and dislocations, with etchants of 1 : 3 aqua regia and aqua 
regia plus suitable modifiers. The usefulness of these etchants has been established by 
several experimental results, such as the appearance of etch pit rosette patterns produced 
by indentation, correspondence between slip line and pit arrays in deformed crystals and 
climb polygonization arrays after annealing. It is also confirmed that the etchants are 
capable of differentiating positive and negative edge dislocations. 

1. Introduction 
The dislocation etch pit technique for producing 
etch pits at the points of intersection of un- 
decorated dislocations has provided an effective" 
way of studying the dislocation densities and dis- 
tributions arising from the deformation of both 
non-metallic and metallic crystals, since the early 
work of Gilman and Johnston [1] in Lif, Stein 
and Low [2] in Fe-Si  alloys, and Lovell and 
Wernick [3] in Cu. Detailed studies of etch pitting 
in copper were subsequently carried out by 
Livingston [4 -6 ] ,  Young [7-10] and Hordon 
[l l] to establish many features of the plastic 
deformation in copper crystals. Basinski and 
Basinski [12], and Basinski et  al. [13] were the 
first to realise the advantage of using etch pit 
methods to supplement observations made by 
transmission electron microscopy in working out 
the mechanisms of plastic deformation and also 
fatigue deformation in single crystals of copper. 

A dislocation etch pit technique for silver 
crystals was first introduced by Levinstein and 
Robinson [14]. The technique has been applied 
to studies of dislocation arrangements in deformed 
silver crystals by Robinson and his colleagues 
[15-17] .  Recently, in order to provide a one-to- 
one correspondence between etch pits and dislo- 
cations, a modification of the etchant used by 
Levinstein and Robinson was proposed by Chen 
and Hendrickson [18, 19]. 

These techniques have the advantage of being 

of a non-destructive nature and producing a large 
observable area. This enables us to directly observe 
the response of dislocation behaviour in the same 
specimen 

Although in f c c  pure metals, several reliable 
etchants for revealing dislocations were established 
for copper and silver, until the present time there 
has been no etch-pit technique for gold reported 
in the literature. A research programme has been 
undertaken to establish a reliable etch pitting tech- 
nique for gold, which can contribute to a study of 
the fundamentals of plastic deformation or of 
mechanisms on corrosion concerned in dislo- 
cations in f c c metal crystals. The purpose of this 
paper is to report a detailed investigation of the 
etching characteristics of new dislocation etchants 
which yield etch pits at both grown-in and fresh 
dislocations on the {1 1 1} planes of gold. The re- 
liability of the etchants were confirmed by several 
experimental results, such as the appearance of an 
etch-pit rosette pattern produced by indentation, 
and correspondence between slip lines and pit 
arrays in a deformed crystal, or climb poly- 
gonization arrays after annealing. Based on the 
size and appearance of etch pits, the correlation 
between types of pits and types of dislocations is 
also discussed. 

2. Experimental procedures 
2.1. Crystal growth and cutting 
The starting material used in this experiment was 
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in the form of sheet, purity 99.99%. A gold single 

crystal about 30 mm in length and 8 x 10 mm 2 in 
rectangular cross-section was grown by the 
Bridgman method in a dynamic vacuum of 
5 x  10 -s Tort at a growth rate o f 3 c m h  -~. A 
split high purity graphite mould was employed. 
The bulk single crystal was cemented to a goni- 
ometer and Lfiue-reflection photographs were 
taken to determine the positions of the {1 1 1} 
plane. The crystal was sectioned parallel to the 
{1 1 1} plane within + 2 ~ and then cut into parallel 
pipeds measuring 4 x 4 x 25 mm 3, using a spark- 
cutter attachment with tungsten wire. With this 
orientation, one pair of crystal faces were parallel 
to the (1 1 I) plane and the long axis was parallel 
to the [6 5 1] direction. 

2.2. Sur face  p repara t ions  
The damage due to sparking could be entirely 
removed by mechanical polishing, and chemically 
polishing off a layer of 0.7 mm from the sectioned 
surfaces. The mecahnical polishing was performed 
using 400, 600, 800 and 1200 grit papers, 
followed by rubbing with aluminium oxide grind- 
ing powders. The crystals were then dipped for 
several minutes into aqua regia. 

Since the surface obtained by this chemical 
polishing was rough, the crystals were then elec- 
tropolished. The electrolyte was of the following 
composition: potassium syanide, 5g; anhydrous 
potassism carbonate, 10 g; silver cyanide, 2 g; and 
distilled water, 250ml [20]. A stainless steel 
cathode was used. The solution was maintained 
at a temperature of about 25~ and stirred 
thoroughly during polishing. The voltage of the 
polishing cell and the current density ranged from 
10 to 14V and 0 .01Amm -2 respectively. The 
polishing rate was of the order of 1.5/Jm rain- 1. 

2.3. Annealing 
After studying the as-grown dislocation structure, 
the crystals were given a cyclic annealing treat- 
ment to lower the dislocation densities. The 
crystals were sealed in a quartz tube in a dynamic 
vacuum of 1 x 10 -4 Torr and annealed in a 
furnace at 850 to 1030~ for l l 0 h .  After 
annealing, the crystals were carefully electro- 
polished again to remove rough layers caused by 
any evaporation during the annealing. 

2.4. Etch pitting 
The basic solution employed to produce etch pits 
at dislocations on the {1 1 1 } surface of gold single 
crystals consisted of one part of conc. nitric acid 
and three parts of conc. hydrochloric acid, which 
will be referred to as the A.R. The quality of an 
etchant can be improved by adding impurities to 
the solvent, which poison the kink sites in the 
surface steps and make the pits deepen [21]. 
Various cations of A 3*, Fe 3*, Cr 3+, Zn 2*, and Cu 2+, 

and Br2 were added to the basic solution of 1:3 
aqua regia to find which impurities act as the 
active poison in order to produce good etch pits. 
The various etchants for gold employed in this 
experiment are summarized in Table I. 

T A B L E I Various dislocation etchants for gold 

Etchant HNO 3 HC1 Impurity 
(ml) (ml) 

A.R. 15 45 - 
A.R.Br 15 45 Br2, 0.6 ml 
A.R.Cr 15 45 CrO3, 0.24 g; H20 , 1.2 ml 
A.R.Fe 15 45 FeC13 .6H2 O, 0.6g 
A.R.AI 15 45 A1C13,0.6 g 
A.R.Zn 15 45 ZnC12 , 0.6 g 
A.R.Cu 15 45 CuCI2,0.6 g 

Etching times and temperatures in these sol- 
utions ranged from 1 to 2 rain and from 15 to 
20~ respectively, except for etchant A.R.Br, 
which required at about 2~ The as-etched 
surfaces were rinsed thoroughly in running water 
and dried with a cool air drier. 

2.5. Inden ta t ion  test ing 
Sewing needles were used for the production of 
dislocation arrays around indentations. The inden- 
tation loads were altered by shortening the upper 
part of the needle. A standard load of 0.15 or 
0.03g was applied for several seconds whilst 
letting the needle descend slowly, by using a 
thread. 

2.6. Mechanical testing 
Specimen was stressed by applying a pure bending 
moment using a four-point bending jig at room 
temperature. Etch pitting was performed using the 
A.R.Cu etchant. Before bending to just beyond 
the yield stress, etch pits were produced on the 
surface of the specimen. After unloading, the 
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specimen was double etched, and in order to com- 
pare the distribution of etch pits before and after 
bending, ithe sample was single etched after 
electropolishing the surface. 

3. Observation and discussion 
3.1. Realiability of the etchants 
3. 1. 1. Annealing effects 
3.1.1.1. As-grown and annealed structures. As a 
preliminary experiment, two types of etchants 
referred to as A.R. and A.R.Br were employed for 
revealing dislocations. First, etch pits in an as- 
grown crystal were observed as shown in Fig. la. 
The etch pit densities in the as-grown condition 
were in the range 1 to 4 x 10 6 cm -~. No sub- 
boundaries were observed. The dislocation den- 
sities in as-grown crystals of copper and silver 
grown from the melt by the Bridman method are 
generally of the order of 10 6 cm -2 [2, 4, 18]. The 
densities of etch pits in the as-grown crystal of 
gold are thus considered to be reasonable com- 
pared with other etch pit observations in as-grown 
crystals of copper and silver. 

Subsequent annealing lowered the total density 
markedly, as shown in Fig. lb. As annealed, the 
etch pit density within sub-grain averages about 
5 x 10 5 cm -2. A relatively higher density region is 
shown in Fig. 2. Conical etch pits were produced 
with the A.R.Br etchant, Two types of etch pits, 
one large and dark, and the other small and light 
were found, and the densities of both type of pits 
were approximately equal, as can be seen in the 
figure. This suggests that these different types of 
pits correspond to dislocations of opposite sign. 

Figure 2 Sub-boundaries after annealing (A.R. etchant). 
Large and dark, small and light pits are revealed in approxi- 
mately equal densities. 

3.1.1.2. Climb polygon&ation. Well-defined climb 
polygonization was observed in the as-annealed 

crystal, as shown in Fig. 3, probably because the 
crystal was deformed locally by mishandling in the 
course of etching prior to the annealing. Similar 
etch-pit arrays of climb polygonization have been 
reported in bent or lightly deformed crystals of 
copper [4] and silver [18] after annealing at 
temperatures near the melting point. Polygon- 
ization boundaries are usually formed by the row 
of edge dislocations of the same sign perpendicular 

Figure 1 (a) Etch pit distribution in an as-grown crystal 
etched with A.R. etchant. (b) Different regions of the 
same crystal after annealing (A.R.Br etchant). 

Figure 3 Climb polygonization after annealing (A.R. 
etchant). 
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to the slip direction (1 1 0). It appears clear that 
the boundaries were formed by the dark pits per- 
pendicularly to the slip direction [101] .  The 
evidence strongly suggests that the etchant is a 
reliable solution for revealing dislocations on 
{1 1 1} surfaces and the distinction between posi- 
tive and negative edge dislocations. 

3. 1.2. Indentation testing 
Indentation of a crystal surface which produces 
etch pit patterns when the surface is etched is an 
effective and convenient means of establishing the 
realibility of an etchant in revealing fresh dislo- 
cations. Moreover, it is known that dislocation 
patterns around indentations consist of dislocation 
half-loops, whose ends emerge on the crystal 
surface as pairs of pits which correspond to edge 
dislocations of opposite sign [18, 22 -26] .  

Fig. 4 shows an etch-pit pattern in the vicinity 
of an indentation with the A.R.Br etchant. Here 
an indentation load of 0.15g was applied for 

Figure 4 Rosette pattern due to indentation (0.15g 
for 5 sec, A.R.Br. etchant). 

5 sec. Rather short rosette arms were observed to 
lie along close packed directions of (1 1 0). Both 
large and small etch pits were found to be approxi- 
mately equal in density around the indentation. 

Because the indentation load was considered 
to be too high to produce more sharply defined 

rosette patterns, the following indentations were 
made with a load of 0.03g applied for 1 sec. 
Modified etchants referred to as the A.R.A and 
A.R.A.Cu, were then used to produce etch-pit 
patterns, since it was found that these were 
capable of producing more sharply defined 
triangular pits. A comparison between the various 
etchants will be shown in a later section. Fig. 5 
shows typical rosette patterns around an inden- 
tation, made with the A.R.A and A.R.Cu etchants. 

First, the crystal was etched with in A.R.A1, as 
shown in Fig. 5a, and then a layer of several 
microns was removed by electropolsihing before 
etching again in A.R.Cu, as shown in Fig. 5b. The 
area shown in the figure is identical. It may be 
seen from these figures that each rosette arm con- 
sists mainly of two rows of etch pits, one large and 
one small, and there is one-to-one pairing of large 
and small pits. 

The feature of the rosette patterns and the 
appearance of large and small pits in each arm is 
similar to the observation of Chen and 
Hendrickson [18] in silver. They confirmed that 
large and small pits in silver correspond to the 
situation in which the compression side (extra- 

half plane side) of the near-edge dislocation lies in 
the acute and obtuse angle, respectively, between 
the slip plane of the dislocation and the surface. 
Thus the etchants of these types for silver corre- 

Figure 5 Rosette pattern showing a one-to-one pairing of large and small etch pits after indentation of 0.03 g for 1 sec. 
(a) Etched with A.R.A1 etchant. (b) The same area fter removing several microns from the surface (A.R.Cu etchants). 
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spond to the Livingston etchant [5] for copper 
where dark and light pits occur if the compression 
side of the edge dislocation lies in the acute and 
obtuse angle, respectively, between the slip line 
and-the surface. From the present results and a 
comparison with the earlier work [18], it, there- 
fore, appears conclusive that the present etchants 
for gold enable the positive and negative edge dis- 
locations to be distinguished. 

3. 1.3. Light deformation 
An as-annealed crystal was lightly deformed by 
handling�9 In a certain area, many slip markings in 
the form of bands along the [1 0 1] direction were 
observed, as shown in Fig. 6a. After these surface 
observations, the crystal was etched with the 
etchant A.R. The results of etching in almost the 
same region are shown in Fig. 6b, the width of the 
band of pit arrays and in mean spacing between 
bands were coincident with those of slip markings 
Fig. 7a shows an annealed structure and the 
significant increase in dislocation density due to 
the multiplication of dislocations by the defor- 

�9 L 

matlon (Fig. 7b) with the etchant A.R. Photo- 

graphs of each were taken from the identical area. 
Dislocation distributions were rather irregular, 

probably because a non-uniform stress was applied 
in the region. These results suggest conclusive 
evidence that the aqua regia etch is a reliable 
reagent for revealing dislocations in gold. 

3. 1.4. Etch pits in the specimen deformed 
b/four-point bending 

The specimen whose long axis was parallel to the 
[6 5 1] direction and deformed by single glide 
in bending, was stressed using a four-point bending 
jig until just above the yield stress on the stress- 
strain curve at a strain-rate of 4.7 x 10 -5 sec -1. 

The yield point was clearly observed at a shear 
stress of 22g mm -2 and with the shear strain of 
2.8 x 10 -4. Considering that the crystal used in 
this experiment had a dislocation density of 
1 x l0 s cm -2 the value of the yield stress is 
similar to that of  copper single crystals measured 
by Young [8, 9],  Argon et  al. [27] and silver 
single crystals by Sabol and Robinson [17]. 
Fig. 8 shows that its etch pits were formed reg- 
ularly along [1 0 1] slip direction from the centre 

Figure 6 Correspondence between slip markings and etch-pit arrays after a light deformation. (a) Slip markings. (b) 
Etch-pit arrays near the same area (A.R. etchant). 

Figure 7 Dislocation multiplication due to deformation (A.R�9 etchant)�9 (a) Etch pit distribution in an as-annealed 
crystal. (b) The same area after a deformation. 
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Figure 8 Arrays of etch pits in the specimen deformed 
by four-point bending. 

to the edge of specimen. It is considered that the 
etch pits were formed at the position of disloca- 
tions which were formed at the yield point. 

3.2. Large and small etch pits 
In Section 3.1.2 it was shown that the etchants 
are capable of producing two types of etch pits 
corresponding to edge dislocations of opposite 
sign. Further evidence to support this is now 
suggested. Pairs of large and small pits were 
observed in an as-annealed crystal, as shown in 
Fig. 9, and it is believed that the marked pairs 
of pits in the figure correspond to dislocation 
half-loops which may be parts of  the dislocation 
networks. The dislocations in each pair of pits, 
therefore, belong to the same Burgers vector, so 
that the terminal on the surface has a character 
of the opposite sign to the other. 

It is well known that, in general, sub-boundaries 
consist of dislocations of like sign. Thus, the sub- 
boundaries should produce etch-pit arrays of the 
same shape. Fig. 10 shows etch pitting examples 
for such a sub-boundary with the etchant A.R.Zn. 
In some cases only large pits were observed, 

Figure 9 Pairs of etch pits consisting of a large and small 
pit (A.R.Cu Etchant). 
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Figure 10 Large and small pits at sub-boundaries (A.R.Zn 
etchant). (a) Sub-boundary consisting of large pits. (b) 
Sub-boundary consisting of small pits. 

whilst in others small pits were observed (Fig. 
10 a and b). 

It was also observed that approximately equal 
amounts of large and small etch pits were formed 
on the surface of specimen which was lightly 
deformed. 

From the features of the etch pits observations 
discussed above, it is evident that the present etch- 
ants for gold are reliable solutions which differ- 
entiate positive and negative edge dislocations on 
{1 1 1 } surfaces. 

3.3.  T h e  e f f ec t  o f  impur i t i e s  in the  e t c h a n t  
The cross-section of a pit is essentially determined 
by the ratio Vs/Vn, where V s is the lateral dis- 
placement velocity of surface steps and Vn the 
normal dissolution rate. Well defined pits result 
only if the ratio Vs/V n is sufficiently small. The 
quality of an etchant can be improved by changing 
either Vn or V s. The usual method of decreasing 
V s is to add impurities to the solution which 
poison the kink sites in the surface steps. For LiF, 
Gilman et al. [21] have reported that Vs depends 
very much on the concentration of ferric ions of a 
dilute solution of iron fluoride. According to 
Sears [28] and Vermilyea [29], the role of  the 
impurities is simply to slow down the dissolution 
rate so that a high undersaturation can be main- 
tained. But as no adequate theory to produce 
suitable etchants has been established, one is 
compelled to use trial and error to produce good 
etch pits. 



Figure 11 The effect of additional impurities into a base etchant of 1:3 aqua regia, (a), in an as-annealed crystal. 
Compositions of the etchants for (b) to (f) are given in Table I. 

The results of such an attempt are summarized 
in Fig. 11. The result of the etchant A.R.Cr is 
not represented because of its inferior quality. 
A good etchant must fulfill the requirement that 
there is no contamination of matrix as well as 
producing sharply defined pits. Among the etch- 
ants employed in the present investigation, A.R.Zn 
and A.R.Cu are selected as the best ones, since 
these etchants produced the most sharply defined 
triangular etch pits and did not form any surface 
contamination layer. 

4. Conclusions 
To establish an etch pitting technique for reveal- 
ing dislocations in gold, etch pit distributions in 
as-grown, annealed and deformed gold single crys- 
tals were investigated with a solution of 1:3 
aqua regia and its modified solutions. The main 
results can be summarized as follows: 

(1) there is considerable evidence to suggest 
that the etch pitting technique described is a 
reliable means for revealing both grown-in and 
fresh dislocations on {1 1 1} surfaces in gold; 

(2) large and small etch pits were revealed 
with the etchants in as-annealed and deformed 
crystals, whose appearance is similar to those 

produced in silver by Chen and Hendrickson [24] ; 
(3) from the various observations made, it is 

concluded that these different types of pits corre- 
spond to the edge dislocations of opposite sign; 

(4) the crystals employed had dislocation den- 
sities of 1 to 4 x 106 cm -2 as-grown, but high- 
temperature annealing treatment reduced te den- 
sity of dislocations within sub-boundaries by an 
order of magnitude; 

(5) well-defined climb polygonization in a 
slightly deformed crystal was observed after 
annealing; 

(6) gold single crystals of 99.99% purity having 
a dislocation density of 1 x l0 s cm -2 was found 
to yield at a stress of 22 g mm -2 . Etch pit observa- 
tions indicate that the multiplication of disloca- 
tions occurred at that stess and the arrays of fresh 
dislocations were formed regularly along the 
[1 0 1] slip direction. 
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