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steel (Fig. 2) may be associated with twin 
boundaries. The "hill and valley" features 
observed on the low carbon steel are less 
pronounced in these materials. At higher crack 
growth rates the more usual stage I Ib  mode, 
exhibiting striations and branch cracks, is 
operative in both cases (Figs. 3 and 4). Similar 
effects have recently been reported in titanium 
alloys [2] and may well occur in many other 
metals and alloys. 

I t  is thought that the size of the plastic zone 
at the fatigue crack tip relative to the grain size 
of the materials limits the extent of  stage I Ia  
fracture [1 ] although the precise mode of  I Ia  
failure may depend on environmental effects 
(e.g. corrosion) in the particular metal or alloy. 
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Slow crack growth in proton- and 
deuteron-irradiated quartz 

It is well known that cracks in silicates can grow 
subcritically in the presence of a chemically 
reactive external environment [l, 2]. In principle, 
there is no reason why analogous crack growth 
behaviour should not arise f rom migration of an 
active chemical species within the material, 
although bulk diffusion might be expected to 
slow down the process [3]. Thus, for instance, 
large cracks in soda-lime glass grow noticeably 
at constant load in vacuum, whereas in pure fused 
silica no such effect is observed [4]: the network- 
modifier component  in the glass clearly plays an 
active role in the crack extension. 

In this note, we present observations of slow 
crack growth in irradiated quartz as evidence for 
the above phenomenon. Single crystal slabs of  

(0001) c~-quartz were pre-abraded to introduce 
a uniform layer of surface microcracks some 
10 gm in depth. A selected area of surface was 
then exposed to a uniform beam of protons or 
deuterons (accelerated through 0.9 and 1.0 MV 
respectively) such that the mean ion penetration 
depth [5] extended just below the abrasion 
microcracks. The total irradiation dose was 

1-2 x 1022 ions m -2 in all cases. To avoid 
surface fragmentation arising from charging 
effects, beam currents were maintained well 
below 5 x 10 is ions m -e sec -1. Hertzian fracture 
tests were then carried out on both irradiated 
and unirradiated portions of the specimen 
surface in an evacuated chamber [6, 2]. 

In the Hertzian test, a spherical indenter is 
loaded onto the crystal surface at a constant rate 
until a "cone crack" propagates f rom a particu- 
larly favourable flaw just outside the contact 

TAB LE I Critical loads to cone fracture (N) at three temperatures and at "fast" (75 N sec-0 and "slow" (2.5 N sec -~) 
load rates 

Temperature (~ C) Load rate Unirradiated Proton-irradiated Deuteron-irradiated 

25 fast 650 ~ 38 712 ~= 55 864 ~ 82 

225 fast 565 ~ 32 663 ~ 40 690 j= 59 
slow 558 ~ 18 665 -E 55 714 • 70 

500 fast 287 :tz 19 260 • 29 271 ~ 31 
slow 282 • 23 186 • 17 179 ~ 21 
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circle. Within unirradiated areas, the develop- 
ment of the cone was abrupt, at all load rates and 
temperatures. Within irradiated areas, a stage of 
slow subcritical growth in the form of a surface 
ring preceded the formation of the cone, this 
stage becoming visibly apparent at high tempera- 
tures and slow load rates. (A similar "embryo" 
stage is observed for tests in an external environ- 
ment [2, 7].) Some further high-temperature tests 
were made with the indenter straddling the 
border between unirradiated and irradiated 
areas; in all such cases the cone was observed to 
initiate in the irradiated zone. 

These observations are quantified by the 
critical load at cone formation (Table I). 
Measurements have been made at three tempera- 
tures, and at fast and slow load rates. The 
unirradiated areas show an intrinsic, time- 
independent decrease in Hertzian strength with 
rising temperature [2]. The irradiated areas show 
similar temperature trends, but with an additional 
strength reduction at slower load rate in the 
high-temperature tests; this time-dependent 
effect correlates directly with the initial sub- 
critical growth stage. A secondary "radiation- 
toughening" effect is evident in the room- 
temperature data, but this appears to anneal out 
as the temperature is raised. 

The above behaviour is consistent with a 
damage model in which the radiation treatment 
"stuffs" a layer below the crystal surface with 
active defect centres and attendant lattice 
disordering [8-10]. A state of surface compres- 
sion is thereby induced in the crystal; hence the 
toughening effect noted in Table I. At elevated 
temperatures the defects become mobile: the 
surface compression thus relaxes, and the active 
centres interact in a rate-dependent manner with 
the crack tip to give subcritical extension. 

It is the nature of the rate-dependent inter- 
action which is of prime interest here. We are led 
to propose the following sequence of events. 
(i) Dissociation of hydrogen atoms from the 
irradiated lattice. The beam implants the lattice 
with atomic hydrogen (or deuterium) with a 
concentration of H/SiO2 up to 0.03. Since the 
data in Table I show negligible load-rate effects 
until high temperatures are attained, it seems 
probable that the decelerating beam particles 
interact with, and become bound to, the crystal 
lattice (very likely by means of the first stage of 
the bond-breaking reaction discussed below). On 
heating the crystal the hydrogen dissociates from 
the lattice and tends to liberate at a free surface. 
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Evidence in favour of this step comes from 
observations of hydrogen evolution and bubble 
formation in "wet" (H~O/SiO2 > 0.001) fused 
silica heated above 350 ~ C [11 ]. 
(ii) Stress-enhanced diffusion of hydrogen atoms 
to crack tip. With the crystal surface outside the 
indenter contact circle in a state of tension, the 
tips of the microcracks provide preferential 
"sinks" for the diffusing hydrogen. Of course, 
some of the dissociated hydrogen may combine 
into Hz molecules before reaching the micro- 
cracks, but a reasonable amount might be 
expected to survive the diffusion stage in atomic 
form. 
(iii) Reaction of atomic hydrogen with stressed 
crack-tip bonds. Upon reaching the crack tip the 
hydrogen reacts with the highly stressed siloxane 
bonds [11 ]: 

(-Si-O-Si-) + H + H-~-(-Si-OH. -Si-) + 
H --,- (-Si-OH. H-Si-) . 

In the first stage the siloxane bond is broken, 
forming a terminal hydroxyl group and a 
"dangling" silicon bond. In the second stage the 
dangling bond readily captures a second 
hydrogen, leaving a weakly-coupled (hydrogen) 
bond across the crack plane. The crack then 
advances at subcritical load. It is to be noted that 
reaction with atomic rather than molecular 
hydrogen is strongly favoured by energy 
considerations; in the latter case extra work 
would be required to dissociate the molecule to 
achieve the final reaction products. A manifesta- 
tion of this effect has been clearly demonstrated 
in the hydrogen embrittlement of ferrous alloys 
[12]; a hot filament positioned at the mouth of a 
subcritical crack in a gaseous hydrogen environ- 
ment causes molecular dissociation, and thereby 
enhances the crack velocity by several orders of  
magnitude. 

We may conclude by suggesting that the sub- 
critical growth effects observed here relate to the 
kinetics of the slowest of the three steps enumer- 
ated above. More detailed studies of fracture 
kinetics may accordingly be of value in providing 
information on the mechanics of radiation 
damage and crack propagation. 

Acknowledgements 
We are grateful to M. V. Swain and J. C. Kelly 
for discussions. The quartz was supplied by 
N. E. W. Hartley and T. R. Wilshaw (University 
of Sussex). The irradiation treatment described 



JOURNAL OF MATERIALS SCIENCE 8 (1973) . LETTERS 

in this work was carried out under a grant from 
the Australian Institute of Nuclear Science and 
Engineering. 

References 
1. S. M. WIEDERHORN, Proceedings of the ln terna t ional  

Conference on Corrosion Fatigue, University of  
Connecticut, 1971 (to be published). 

2. M. V. SWAIN, J. S. WILLIAMS, B. R. LAWN, and 
J. J. H. BEEK, J. Mater. Sci. 8 (1973). 

3. R. N. STEVENS and g.  DUTTON, Mater. Sci. Eng. 8 
(1971) 220. 

4. s. M. WIEDERnORN, N.B.S. Report  10892 (1972). 
5. c .  F. WILLIAMSON, J. P. BOUJOT, and J. PICARD~ 

Rappor t  CEA-R 3042 (Paris, 1966). 
6. J. J. H. BEEK and B. R. LAWN, J. Phys. E: Sci. 

Instrum. 5 (1972) 710. 
7. A. G. MIKOSZA and B. R. LAWN, J. AppI. Phys. 42 

(1971) 5540. 

8. L. T. CHADDERTON, "Radiat ion Damage  in 
Crystals" (Methuen, London,  1965). 

9. P. w .  LEVY, Proceedings of  Symposium of Nuclear 
Science and Technology for Ceramicists, Washington,  
1966. 

10. D. I. R. NORR;S, Rad. Effects 14 (1972) 1. 
11. T. BELL, G. I-IETHERINGTON, and K. H. JACK, 

Phys. Chem. Glasses 3 (1962) 141. 
12. H. G. NELSON, D. P. WILLIAMS, and A. S. 

TETELMAN, Met. Trans. 2 (1971) 953. 

Received 20 February 
and accepted 28 February 1973 

J.  S. W I L L I A M S  

B. R. L A W N  

School of Physics, University 
of New South Wales, 

Kensington, NSW, Australia 

A contribution to etch polishing of GaAs 

When etch polishing GaAs to produce mirror- 
like surfaces, it is obvious that the removal rate 
is dependent upon the pressure applied to the 
sample. Under certain conditions, etch pits can 
be produced which are caused by dislocations. 
Both phenomena affect the fabrication processes 
of GaAs devices. So far, a systematic study of 
etch polishing with sodium hypochlorite has not 
yet been published. We have, therefore, under- 
taken this task, particularly with regard to those 
parameters where no systematic data are yet 
available. 

Etch polishing has been undertaken with such 
etchants as a weak bromine-methanol solution, 
and of 20:1 H~O: NaOC1 [1 ]. Owing to the chem- 
icalinertness of the latter etchant on the associated 
apparatus, it has often been employed. However, 
when metallization is to be applied to the 
surfaces, etch polished with NaOCI, a thin 
contamination layer has to be removed first. 

The material used for these experiments was 
(1 1 1) orientated chromium-doped GaAs. Slices 
of this material were attached, using dental wax, 
to the stainless steel polishing block of the etch 
polishing apparatus shown in Fig. 1. The 
pressure exerted on the sample during etch 
polishing was varied by placing weights on the 
hollow machined-out polishing block. The 
etchant consisted of a 1N solution of sodium 
hypochlorite (low in bromine) in a 0. ltq solution 
of sodium hydroxide and was diluted to the 

�9 1973 Chapman and Hall Ltd. 

~B \7  \6 \s 
Figure 1 Etch polishing apparatus.  1. Polishing arm. 2. 
Stainless steel holder. 3. Additional weights. 4. Polishing 
block. 5. Polishing cloth. 6. Etchant.  7. Sample. 8. Perspex 
bowl. 

required strength using distilled water. Fresh 
solutions were used each time because it was 
found that the solution strength (etch rate) 
decreased with increasing time between solution 
preparation and use. After each period cf 
polishing, the samples were thoroughly cleaned 
in distilled water to ensure that no further etching 
took place. 

Pressure dependence of etch rate. Experiments 
to determine the pressure dependent etch rates 
were carried out by varying the pressure applied 
to the sample and measuring the resultant etch 
rates, the rate of rotation of the polishing pad 
being the same each time; these results are shown 
in Fig. 2. 

According to Rideout [1 ], the primary process 
here is the chemical etching o f  the GaAs, the 
mechanical motion being used mainly to 
distribute the etchant uniformly over the surface 
of the sample; but there is also a contribution 
made by the mechanical polishing effects. These 
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