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Grain boundary precipitation in Magnox AL80 
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Grain boundary precipitates in Magnox AL80 (Mg-0.8% AI) formed after certain heat treat- 
ments have been identified as magnesium hydride, MgH 2. The solvus temperature for the pre- 
cipitates was found to be in the range of 300 to 350 ~ C. Ageing at 250~ resulted in overall 
precipitate growth accompanied by the formation of some grain boundary cavities. Cavities 
were also formed when hydride precipitates were reheated to higher temperatures. The solvus 
temperature and the behaviour of the precipitates during ageing at 250 ~ C and subsequent 
heating to higher temperatures are discussed in terms of the magnesium-hydrogen system. 

1. Introduction 
Magnox AL80, a magnesium-based alloy containing 
nominally 0.80wt% AI and 50p.p.m. by weight of 
beryllium, is used as the fuel-element cladding material 
in gas-graphite nuclear reactors. The material is 
essentially single-phase, although observations of 
second-phase particles have been previously reported 
[1-3]. Harris [4] showed that nucleation of grain 
boundary cavities at second-phase particles ranging 
from 20 to 200 nm was possible under certain service 
conditions. In Magnox grain interiors, Lisowyj [3] 
observed five species of particles of sizes less than 
35nm, namely Mg2Si, MgO, FeBes, MnA1Be4 and 
MgBe~3. Of more interest to the elevated-temperature 
mechanical properties are the much larger, micro- 
meter-sized intergranular precipitates which have 
been observed in some batches of Magnox AL80 
after specific heat treatments [2, 3]. It was thought 
that these might also be MgBe~3 [3] but subsequent 
observation by Slack, quoted by Ross [5], of similar 
grain boundary precipitates in pure magnesium and 
beryllium-free Magnox AL80 led to the suggestion 
that the precipitates were magnesium hydride. This 
was largely confirmed as a result of hydrogen detec- 
tion by a laser-induced mass analysis (LIMA) inves- 
tigation although a positive identification of the 
precipitates was not achieved [5]. In the present work, 
various aspects of the grain boundary precipitation 
phenomenon in Magnox AL80 have been investigated 
and also further evidence obtained about the nature of 
the precipitates. 

2. Mater ia ls  and experimental  details 
Three batches of Magnox AL80, supplied as either 
31.8ram (1.25in.) or 28.6mm (l.125in.) rods, were 
used. The chemical analyses of these casts are given in 
Table I. 

Following heat treatments in air, samples for 
metallographic examination were sectioned and 
mounted in cold-setting plastic resin and ground on 

progressively finer grades of silicon carbide paper. 
Final polishing was performed using Brasso metal 
polish on a rotating pad of Selvyt napped cloth. A 
solution of 10% nitric acid in methanol was normally 
used to reveal the grain structure. 

Impact fracture surfaces of notched round speci- 
mens were produced using a Hounsfield impact testing 
machine. Fracture surfaces were examined in an ISI 
100A scanning electron microscope (SEM) equipped 
with a Link System 840 energy dispersive spectro- 
scopy (EDS) attachment. 

A two-stage replication technique was used to 
extract grain boundary precipitates from impact 
fracture surfaces. Thick cellulose acetate strip was 
softened with acetone and pressed on to the fracture 
surface. When dry, the replica was peeled off and 
carbon evaporated on to it. The relevant portion of 
the replica was then cut off and the backing cellulose 
acetate replica dissolved away in acetone. The carbon 
replica could then be scooped on to a copper grid and 
examined either in a Jeol EM200 or a Philips EM400 
transmission electron microscope (TEM). The latter 
was also equipped with EDS facilities. 

3. Results and discussion 
3.1. Formation of grain boundary precipitates 
The precipitates were observed most readily after a 
furnace-cool to room temperature (RT) from a sol- 
ution treatment temperature of 580 ~ when large 
isolated particles were formed (Fig. 1). Usually, not 
more than two or three precipitates would be present 
on any one boundary, and some boundaries did not 
have any; a variation which was probably a result 
of the variation in misorientation across the grain 
boundaries. Stringers of smaller precipitates outlining 
some boundaries, as in Fig. 2, were observed after a 
water-quench from 580~ followed by ageing at 
250 ~ C. Such precipitation behaviour would be con- 
sistent with a precipitation system where the solute 
solubility decreases with decreasing temperature. To 
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Figure 1 Typical grain boundary precipitate formed after a furnace- 
cool from 580~ to RT. 

Figure 2 Grain boundary precipitate formed after ageing at 250 ~ C 
for 20 h. 

estimate the solvus temperature, specimens were 
examined metallographically after three different heat 
treatments: 

(i) Holding treatments in which samples were 
furnace-cooled from the solution treatment tempera- 
ture of 580~ to various intermediate temperatures, 
held for 20 h and quenched to RT. 

(ii) Ageing treatments in which samples were water- 
quenched from 580 ~ C to RT and then aged at various 
temperatures for 20 h and, finally, water-quenched to 
RT. 

(iii) Reheating treatments in which samples pre- 
viously furnace-cooled from 580~ to RT were 
reheated to various temperatures for 20 h and, finally, 
water-quenched to RT. 

Specimens from casts A, B and C were used and the 
solvus temperatures deduced from the different heat 
treatments were all in the range 300 to 350 ~ C. 

To estimate the precipitate volume fraction, polished 
and etched sections were examined using a Cambridge 
Instrument Quantimet image analyser. The image 
editor was employed to ensure that only grain bound- 
ary precipitates were analysed. The specimens were 
previously furnace-cooled from 580~ to RT so that 
isolated large grain-boundary precipitates were 
present. For each sample, a total area of about 40 mm 2 
was examined and typically about 300 precipitates 
were counted. An average area fraction of about 
0.02% was found and taken as an approximate value 
of the volume percentage of the precipitates present. 

3.2, Ageing behaviour 
The development of the grain boundary precipitates 
during ageing at 250~ was monitored by the exam- 
ination of impact fracture surfaces. Specimens were 

water-quenched from 580 ~ C to RT, aged at 250 ~ C for 
various lengths of time and then water-quenched again 
to RT. With no ageing at 250 ~ i.e. as-quenched, 
although precipitates could not be resolved on the 
intergranular facets, shallow dimples (Fig. 3) typical 
of fracture by micro-void coalescence were neverthe- 
less present. This suggested that fine-grain boundary 
precipitates may already have formed during the 
water-quench from 580 ~ C and holding at RT. 

The precipitates developed rapidly during ageing 
and were easily observed after a I min ageing treatment. 
Figs 4a, b, c and d show typical micrographs of 
samples aged at 250~ for 1 rain, 5h, 24h and 16 
days, respectively. For the longer times, agglomer- 
ation of smaller precipitates was often found as in 
Fig. 4d, which also shows the shallow dimples typical 
of as-quenched samples in regions between the pre- 
cipitates. Fig. 5 is a plot as a function of time of the 
largest observed precipitate in each sample, after 
examination of several boundary facets in the SEM, 
and demonstrates the coarsening which occurred 
during ageing. 

Further examination of the fracture surfaces of 
samples subjected to prolonged ageing, particularly 
with ageing times greater than 24 h, showed that while 
some boundaries showed the presence of large pre- 
cipitates (e.g. Figs 4c and d), there were also some 
boundaries which showed large dimples or voids 
(5 #m or more in size) which contained precipitates 
which were much smaller than the voids. These small 
precipitates were usually, equiaxed and often faceted. 
Examples are shown in Figs 6a and b. Such a con- 
figuration of precipitates in dimples was unlike than 
seen on the fracture surfaces shown in Figs 4a to d, 
where the dimple size was of the order of the pre- 
cipitate size. The rounded appearance and the rounded 

T A B L E  I Chemical analyses of  Magnox AL80 casts 

Cast Content  (wt %) 

A1 Si M n  Fe Ca Zn Be H Mg 
(p.p.m.) 

A 0.83 0.008 0.006 0.003 < 0.005 0.006 0.005 I 1 Bal. 
B 0.82 0.005 0.006 0.005 < 0.005 0.007 0.005 11 Bal. 
C 0.84 0.005 0.007 0.005 < 0.005 0.002 0.004 9 Bal. 

2486 



Figure 3 Grain boundary facet in a sample quenched to RT from 
580 ~ C. 

corners between facets of the small precipitates ruled 
out the possibility that they were fragments of frac- 
tured large precipitates, e.g. Fig. 4d shows a cracked 
particle. Also, the walls of the large dimples or voids 
often exhibited facets (Figs 6a and b), an effect which 
was unlikely to have been produced by the impact 
fracture. 

Examination of polished but unetched sections in 
the SEM revealed the presence of cavities as well as 
precipitates on some grain boundaries (Fig. 7). How- 
ever, this could not be taken as conclusive evidence 
for the existence of voids prior to impact fracture, 

since some of the cavities might have been due to 
precipitates falling out during surface preparation. 

3.3. Anomalies during post-ageing 
treatments 

Grain boundary cavities were also observed in 
quenched-and-aged (24 h at 250 ~ C) samples after they 
had been reheated to 350 or 450~ for between 0.5 
and 2 h and finally water-quenched to RT. Examples 
of such cavities are shown in Fig. 8. The cavities were 
smooth and rounded (Fig. 8b) or faceted (Fig. 8c). 
Both types were usually present in the same sample, 
although the faceted type appeared to be more abun- 
dant in samples subjected to longer reheating times. 
The correspondence of void sites with prior grain 
boundary precipitates was demonstrated by a short 
reheating of 10rain at 350~ of samples previously 
aged at 250 ~ C. After such a treatment, residual small 
precipitates were observed situated inside relatively 
large dimples (Fig. 9). 

On polished but unetched sectioned surfaces of 
samples given longer reheating times, cavities were 
visible which appeared to outline boundary traces 
(Fig. 10). However, the number of such boundary 
traces per unit area was much lower than that of 
boundary traces decorated by precipitates in the 
original quenched-and-aged (at 250~ samples, 
(Fig. 2). This suggested that not all precipitates gave 
rise to cavities when they were reheated to higher 
temperatures. Since no precipitates would be expected 

Figure 4 (a) Grain boundary precipitates in a sample aged at 250 ~ C for I rain. (b) As (a) but after 5 h at 250 ~ C. (c) As (a) but after 24 h 
at 250~ (d) As (a) but after 16 days at 250~ 
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,$ Figure 5 Variation of observed maximum pre- 
cipitate size with ageing time at 250 ~ C, 

at the reheating temperatures of 350 or 450 ~ C, which 
are above the solvus, the possibility of precipitates 
falling out during surface preparation did not arise. 
These observations thus indicated that precipitates 
formed during ageing at 250~ could be removed 
as would be expected by reheating to higher tem- 
peratures, but that this resulted initially in cavities 
left behind on some boundaries. Cavities were also 
observed, although only rarely, on grain boundary 
facets produced by the impact fracture of furnace- 
cooled samples which had been reheated at 450 ~ C for 
2 h prior to fracture at room temperature. 

Fig. 11 a and b show features on the impact fi'acture 
surface of a sample which, after a reheating treatment 
at 450~ for 2 h, had been re-aged at 250 ~ C. The pre- 
cipitates have a somewhat different morphology, with 
the appearance of hollow capsules (Fig. 1 l a). Such a 
morphology would be consistent with nucleation at the 
cavity walls to produce a shell of precipitate. Fig. 11 b 
shows a region of extensive linkage of cavities so that 
only a very limited contact area existed between the 
two component grains prior to impact fracture. Such 
extensive boundary cavitation clearly would have a 
pronounced detrimental effect on the strength of the 
boundary. 

3.4. Silicon-rich particles 
In addition to the large particles discussed so far, 
others, typically a few hundred nanometres in size, 

were also observed on dimple walls, e.g. Figs 6a, 6b, 
8b, 8c, l l a  and llb. EDS examination showed the 
particles to be rich in silicon, although occasional ones 
were found to be rich in manganese. However, since 
MgzSi has been identified as a precipitate species in 
Magnox AL80 [3], it is considered that the majority of 
these small particles were Mg2Si. The size difference 
between such particles and the dimples, and the fre- 
quent presence of more than one particle per dimple, 
suggested that they did not play an active role in the 
impact fracture process. 

3.5. Identification of the grain boundary 
precipitates 

Carbon replicas containing the main grain boundary 
precipitates extracted from impact fracture surfaces 
were examined in TEM (Fig. 12). When analysed 
using EDS, the spectrum (Fig. 13), which would not 
include any complication from the mainly magnesium 
matrix, showed only the magnesium Kc~ peak apart 
from the copper and platinum peaks which were due 
to the specimen holder and supporting grid. The 
analysis thus suggested that the precipitates were a 
compound of magnesium with light element(s) which 
could not be detected using EDS, i.e. elements with 
atomic numbers less than 11. A likely possibility was 
hydrogen, in view of the earlier work mentioned in the 
introduction [5]. 

Selected-area electron diffraction (SAED) patterns 

Figure 6 (a) Impact fracture surface of a sample after 7 days at 250 ~ C, showing small precipitates inside large cavities. (b) As (a) but from 
sample aged at 250~ for 16 days. 
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Figure 7 Polished but unetched section of a sample aged at 250 ° C 
for 16 days. 

were therefore obtained from the extracted precipitates. 
The operating voltage of the microscope was reduced 
to 80kV, so that serious beam damage effects were 
avoided for a sufficiently long period of time to allow 
diffraction patterns to be recorded. Also, as each 
precipitate often consisted of more than one grain, it 
was necessary to use a small selected-area aperture 
(5 #m) to ensure that only one grain gave rise to the 
observed diffraction pattern. However, the majority of 
the particles were opaque to the electrons, so that 
diffraction patterns could be obtained only from thin 
particles or edges of relatively thin particles. 

The SAED patterns obtained could be indexed in 
terms of the tetragonal structure of MgH2 which 

belongs to the space group P42/mnm with a = 
0.45025nm and c = 0.30123nm and with two mag- 
nesium atoms at (0, 0, 0) and (½, ~-, ½) and four hydro- 
gen atoms at (x, x, 0), (~, 2, 0), (½ + x, ½ - x, ½) 
and (½ - x, ½ + x, ½) with x = 0.306 [6, 7]. In all, 
two patterns of the l1 00] zone, two of [1 1 0], nine of 
[1 l 1], six of [1 0 l] and three of [00 l] were obtained 
and Figs 14a-e show patterns corresponding respect- 
ively to these zones of MgH 2. From the [l 00] and 
[1 10] patterns (Figs 14a and b, respectively) the c/a 
ratio for the grain boundary precipitates is deduced to 
be 0.667 + 0.005, which is in close agreement with the 
value of 0.669 for MgHz and MgD2 obtained using 
X-ray and neutron diffraction methods [6, 7]. Although 
magnesium forms several compounds with other 
elements with atomic numbers less than 11, none of 
these compounds have tetragonal structures near to 
an axial ratio of 0.667. 

There is, however, one point worthy of note. Reflec- 
tions due to the hydrogen superstructure are expected 
to be weak in comparison with the magnesium reflec- 
tions, and for the [1 1 0] and [1 0 l] zones, alternating 
strong/weak/strong rows of reflections are expected, 
as has been observed previously [8]. Such a variation 
in intensity between rows of reflections was observed 
for the [1 0 1] patterns [Fig. 14d). It was also found for 
one [1 1 0] pattern, but another [1 1 0] pattern showed 
some reflections with surprisingly strong intensities 
(Fig. 14b). At present there is no explanation for this 
difference in behaviour. 

Previous TEM examination of magnesium foils 
containing MgH2 had shown that decomposition of 
MgHz due to electron beam irradiation resulted in 
the formation of small hydrogen gas bubbles [8, 9]. 
However, in the present work, although beam damage 
was evident in the diffraction patterns after intense 
beam irradiation, no gas bubbles would be expected 
from particles contained on a replica. 

The present electron diffraction evidence is in agree- 
ment with the earlier identification of the precipitates 
as magnesium hydride, from the results of a LIMA 
investigation of Magnox micro-specimens and frac- 

Figure 8 (a, b) Impact fracture surface of sample reheated to 450°C 
for 2h  after ageing at 250°C for 24h, showing cavities on grain 
boundary facets. (c) As (a) but from sample reheated for 8 h at 
450°C. 
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Figure 9 Impact fracture surface of a sample reheated to 350~ for 
10 rain following ageing at 250 ~ C. 

ture surfaces [5]. The LIMA instrument operates by 
firing a laser pulse on to the sample and analysing 
the evaporated atoms, and is capable of detecting 
hydrogen and other light elements which are not easily 
detected by other analytical instruments. The results 
showed the presence of hydrogen in the precipitates on 
grain boundaries, but not elsewhere on the boundaries 
or within the grains. 

3.6. The magnesium-hydrogen system 
With the grain boundary precipitates identified as 
MgH2 and since 0.8 wt % AI is the only major alloying 
addition in Magnox A180 (see Table l), some aspects 
of  the precipitation phenomena described earlier can 
be considered in terms of the magnesium-hydrogen 
system. Magnesium is an endothermic occluder of 
hydrogen in dilute concentrations [10, 11] but forms 
the hydride, MgH2, exothermically [12]. Fig. 15 shows 
schematically the pressure-composition isotherms 
expected for such a metal-hydrogen system. Starting 
from the origin and up to the limiting solubility at A, 
the hydrogen is in solid solution in magnesium, while 
the hydride phase is formed in the plateau region AB. 
The plateau pressure is also the hydride dissociation 
pressure for the temperature considered. 

For hydrogen entering magnesium to form a solid 
solution according to the reversible reaction 

)C 
Mg + ~ H  2~-Mgc~" ) 

Figure 10 Polished but unetched section of a sample reheated to 
350~ for 2h following ageing at 250~ showing presence of 
cavities, 

the solubility against pressure isotherms can be writ- 
ten as 

In x = 1 In P AHI ASI 
- R-T- + - R -  + In Z (1) 

where x is the hydrogen-to-metal atom ratio, P 
the hydrogen pressure in atmospheres, AH~ the par- 
tial molar enthalpy change, AS~ the partial molar 
entropy change due to non-configurational contri- 
butions from magnetic, electronic and vibrational 
terms, Z the number of available interstitial sites per 
metal atom, R and T the gas constant and temperature, 
respectively. The limiting solubility, x~ is given by 

AH 2 - AH 1 AS 2 -- AS 1 
lnxl  - + l n Z  (2) 

R T  R 

where AH z and AS2 are respectively the partial molar 
enthalpy and entropy changes for the reversible 
hydride forming reaction 

x 
Mg + 5 H2 ~ MgH~ 

Values of AH1, AH2, AS~ and AS 2 have been 
reported [10-16] and are collated in Table II. The 
values are reasonably consistent except for one rather 
high value of  AH~ [15] which has been suggested to be 
the difference between the enthalpy of  hydriding and 

Figure 11 (a, b) Impact fracture surface of a sample aged at 250~ for 24h, reheated to 450~ for 2h and re-aged at 250~ for 24h. 
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Figure 12 Carbon replica containing grain boundary precipitates 
extracted from impact fracture surface of a sample aged at 250~ 
for 24 h. 

of solution [17]. For the present purpose, however, 
this high value of AH~ has not been included for the 
evaluation of a mean value of AH~. The value of Z 
depends on the location of hydrogen in magnesium, 
such that Z = 1 for hydrogen at octahedral interstices 
and Z = 2 for tetrahedral interstices. Experimentally, 
it was found that implanted hydrogen occupied the 
tetrahedral interstices in magnesium at low tempera- 
tures (below 100K) but left these sites at higher 
temperatures; while at temperatures above 230 K, no 
implanted hydrogen could be retained in the bulk [18]. 
However, theoretical calculations have shown that 
hydrogens at octahedral and tetrahedral sites have 
indistinguishable energies and that diffusion of hydro- 
gen from one octahedral site to another is likely to be 
via a tetrahedral site [19]. 
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Figure 13 EDS spectrum (with two different vertical scales) 
obtained from precipitate on carbon replica. Full scales 
FS1 = 32000, FS2 = 4000. 

By using Z = 1 (i.e. assuming that hydrogen 
occupies the octahedral interstices in magnesium) and 
mean values of 21.1 and - 37.9 kJ (~ molH2) -t for H 1 
and //2 respectively, and -35 .5  and - 6 7 . 3 k J  -~ 
(�89 H2)-i for Sl and $2, respectively (see Table II). 
Equations 1 and 2 become respectively 

l n P  = 2 1 n x  + 8.54 + (5076/T) (3) 

In x~ = 3.825 - (7097/T) (4) 

Using these equations, the expected pressure-solubility 
isotherms and the limiting solubilities (line ABCD) at 
various temperatures are calculated and plotted in 
Fig. 16. The expected dissociation pressures (corre- 
sponding to the limiting solubilities) at various tem- 
peratures are in good agreement with, although in all 
cases slightly lower than, the reported values [16] 
which are also plotted. 

Figure 14 Selected-area electron diffrac- 
tion patterns corresponding to (a) [1 0 0], 
(b) [1 1 0l, (c)[l 1 l l, (d)[1 0 1] and (e) [0 0 1] 
zones of MgH2. 
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From the values of limiting solubilities, the solvus 
temperature for the hydride precipitation process can 
be estimated, provided that the hydrogen content of 
the sample is known. The hydrogen content of the 
sample in solid solution should be dependent on the 
external pressure and, since in the present investi- 
gation the external hydrogen pressure was always very 
low, similarly low hydrogen contents in Magnox 
AL80 would be expected. However, the hydrogen 
content of Magnox AL80 has been found to be insen- 
sitive to the heat treatment environment, and also 
to remain unchanged during routine heat treatments 
involving solution treatment and water-quenching [5]. 

The expected hydrogen content can be estimated 
from the volume fraction of the grain boundary pre- 
cipitates, assuming that all the hydrogen is present as 
MgH 2. By taking the volume fraction to be the same 
as the area fraction and from the densities [20, 21] of 
Magnox and MgH2, respectively 1.75 and 1.45 kgm -3, 
it can be readily shown that a volume fraction of 
0.02% corresponds to about 14ml hydrogen at STP 
per 100 g of metal (x = 3.0 x 10-4). This is in the 
range of typical hydrogen contents of 9 to 17 ml H2 per 
100g Magnox (x = 1.95 to 3.69 x 10 4) found for 
Magnox [5]. For a given hydrogen content, which 
does not change with temperature, the solvus tern- 
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perature can be estimated as the temperature at which 
the limiting solubility corresponds to the hydrogen 
content of the sample, i.e. at lower temperatures 
hydride will form. Analysis of the present samples (see 
Table I) showed hydrogen contents of between 9 and 
11 ml H2 per 100g of Magnox (x = 1.95 to 2.38 x 
10 4). Taking a typical value of 12ml per 100g and 
referring to Equation 4 and Fig. 16, it can be seen that 
a solvus temperature of about 315~ (Point B in 
Figure 16) would be expected. This is in accord with 
the present metallographic results showing the solvus 
temperature to be between 300 and 350 ~ C. Further- 
more, from Fig. 16 and Equation 4, this temperature 
range could arise from hydrogen contents ranging 
from 9 to 24ml H2 per 100g Magnox (x = 1.95 to 
5.2 x 10 4), which covers the range of hydrogen con- 
tents for Magnox AL80. This range implies a similar 
range in the volume fraction of hydride precipitate, so 
that a batch-to-batch variation in the precipitation 
behaviour in Magnox AL80 can be explained on the 
basis of hydrogen-content variations. The above 
argument assumes that no loss of hydrogen takes 

T A B  L E I I T h e r m o d y n a m i c  da ta  for the m a g n e s i u m - h y d r o g e n  system* 

AHI ASI AH2 AS2 Reference 
( k J ( � 8 9  l) ( J K  ~ ( � 8 9  l) ( k J ( � 8 9  - l )  ( J K  - ~ ( � 8 9  - t )  

- - - 37.2 - 67.6 S tampfer  et al. [12] 

24.4t - - Popovic  and  Piercy [I0] 

21.1 - - H u a n g  et al. [11] 

- - - 3 8 . 7  - H u s t o n  and Sandrock  [16] 

58.0? - - F r o m a g e a u  et al. [15] 
21.05 - 37.7 - 37.2 - 67.8 F r o m m  and  H6rz  [13] 

21.2 - 33.3 - 38.6 - 66.5 Wenzl  [14] 

21.1 - 3 5 . 5  - 3 7 . 9  - 6 7 . 3  Used  in present  work  

* For  symbol  defini t ions see text.  
t N o t  used for the ca lcu la t ion  of  m e a n  A H  I . 
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place as the temperature is lowered, which agrees with 
what is found experimentally. The effective hydrogen 
pressure in the system at the solvus temperature of 
315~ will correspond to the dissociation pressure of 
the hydride, which from Equation 3 is 0.2MPa at 
315~ 

3.7. Precipitation and growth of magnesium 
hydride 

Quenching to room temperature (15~ from 580~ 
will produce a large hydrogen supersaturation. The 
dissociation pressure of the hydride at 15 ~ C is 1.9 x 
10 -8 MPa and the limiting solubility is 4.19 x 10 -5 ml 
per 100 g. Hydride is therefore very likely to form even 
with a rapid quench, unless the diffusion kinetics are 
very unfavourable. The formation of MgH~ requires 
an expansion in volume of about 30%, which must be 
accommodated by self-diffusion in the magnesium 
matrix. Hydrogen diffuses rapidly in magnesium even 
at room temperature [22], and movement over a dis- 
tance of about 0.5/~m could occur in 1 sec. For mag- 
nesium the lattice self-diffusion at 15~ is negligible 
[23], but with the reduced activation energy for grain 
boundary movement, diffusion could take place over 
a distance of 10 -6 cm in a few minutes. This suggests 
therefore that limited formation of small hydride 
particles is likely to occur at grain boundaries in 
quenched material, and these may be responsible for 
the fine dimples observed on the grain boundary frac- 
tures of quenched samples. 

Heating as-quenched material to 250~ will raise 
the hydride decomposition pressure to 0.03 MPa and 
the limiting solubility to 2.69 ml per 100 g. In addition, 
the increased diffusion rate of hydrogen at 250 ~ C will 
enable hydrogen present inside the grains to diffuse 
rapidly to grain boundaries, to produce growth of the 
small hydride particles formed at room temperature. 
The typical grain size of the Magnox was approxi- 
mately 350 #m, and at 250~ hydrogen could diffuse 
from a grain centre to a grain boundary in about 
75 sec. Grain boundary self-diffusion of magnesium 
could occur over distances of about 2 #m in the same 
time. The diffusion kinetics would thus be favourable 
for precipitation of all the hydrogen in supersatu- 
ration and rapid growth of the initial hydride pre- 
cipitates, in the first few minutes of heating at 250 ~ C. 
Subsequently Ostwald ripening would occur with an 
increase in maximum particle size as shown by the 
fractographs and Fig. 5. However, at any particular 
stage of the ageing, the precipitates showed a range of 
sizes and with continued heating the larger ones would 
grow further and the smaller ones shrink. This is one 
possible explanation of the presence of small particles 
on the fracture surfaces at longer times of heating, e.g. 
after seven days of heating as in Fig. 6a. Such particles 
would still generate voids on the fracture surface but 
the voids would have to expand further to link up with 
adjacent voids, and hence result in regions on the 
fracture surface where the particles were much smaller 
than the voids. 

A further observation was the presence of empty 
voids on the fracture surfaces, particularly with longer 
times of ageing. On average on any fracture surface, 

half the voids should be empty, with the missing par- 
ticles on the other half of the fracture, assuming that 
they do not fracture. Also larger particles are more 
likely to fall out of the fracture surfaces. These reasons 
could explain the voids observed with the longer times 
of ageing at 250 ~ C. 

When material aged at 250~ was reheated to 350 
or 450 ~ C for 2 h, empty voids were again observed on 
fracture surfaces. The hydrogen solubility at these 
temperatures is in excess of the hydrogen present. 
Thus hydride particles would not be present after 2 h 
of heating, so particle loss could not explain the empty 
voids. The sample heated for the shorter time of 10min 
at 350~ showed residual small hydride particles in 
larger voids. The most likely explanation of these 
effects is that they are due to thermal decomposition 
of the hydride, occurring at a faster rate than solution 
of hydrogen in the matrix. Complete dissociation of a 
hydride particle would result, due to density differ- 
ences, in a void with a radius of 0.38 of that of 
the original partic!e,.~ontaining hydrogen at the dis- 
sociation pressure operative at the temperature of 
heating. Such voids could then be expanded by plastic 
deformation during fracture, and also possibly by 
plastic or creep deformation during the heating and 
induced by the internal gas pressure in the void. The 
hydrogen solubility at 250 ~ C is considerably less than 
the hydrogen content of the Magnox and hence dis- 
sociation of the hydride would not be expected. 
Nevertheless the appearance of empty voids or voids 
containing small particles, after longer times of heat- 
ing at 250 ~ C, could be associated with void growth by 
a boundary creep mechanism due to the hydrogen 
pressure in equilibrium with the hydride. Further 
work on the influence of prolonged heating would be 
needed to test this possibility. 

4. Summary and conclusions 
In certain casts of Magnox AL80 the precipitates 
formed on some grain boundaries after a furnace- 
cool from the solution treatment temperature and/ 
or after ageing at 250~ following a water-quench 
from the solution treatment temperature have been 
identified as magnesium hydride, MgH2. This identi- 
fication is based on electron diffraction evidence, 
LIMA results and the apparent dissociation behav- 
iour of the precipitates to form a gas. 

The solvus temperature for the grain-boundary 
hydride precipitates was deduced to be between 300 
and 350 ~ C. This temperature range can be correlated 
with the typical bulk hydrogen content, the variation 
with temperature of the hydrogen solubility in mag- 
nesium, and that of the dissociation pressure of 
MgH2. 

With longer times of ageing at 250~ cavities, in 
some cases associated with smaller precipitates, were 
found on fracture surfaces. Several possible expla- 
nations are put forward, including void expansion by 
creep deformation due to the hydrogen pressure over 
the hydride. 

Cavities were also formed on some grain bound- 
aries when hydride precipitation were reheated above 
the solvus temperature. Their formation appears to 
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result from the net effects of hydride dissolution and 
dissociation at the higher temperatures, and the vol- 
ume decrease associated with hydride decomposition. 
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