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Some elevated temperature mechanical
properties of Magnox AL80
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The influence of grain-boundary hydride (MgH,) precipitation on the mechanical properties
of Magnox AL80 has been investigated by carrying out slow tensile and fatigue iests. The
presence of hydride precipitates at some grain boundaries was found to have a detrimental
effect on the slow tensile ductilities at the lower end (20 to 40% h™") of the range of strain
rates used (20 to 2000%h™") at 250° C and at 20%h™" at 300° C. Grain-boundary cavities
caused by the dissociation of the hydride precipitates were introduced either by in situ thermal
treatment prior to testing at 250° C or by testing at higher temperatures and also resulted in
lower tensile ductilities at slow strain rates. The fatigue lives of Magnox AL80 were not signi-
ficantly influenced by the presence of grain-boundary hydride precipitates or cavities due to
the dissociation of the precipitates. This is due to the majority of the boundaries being unsuit-
ably oriented to experience high shear stresses. Long-term ageing at 450° C was found to
reduce the subsequent fatigue strength at that temperature and this effect is associated with
the boundaries becoming more prone to migration during fatigue cycling.

1. Introduction

In a previous paper [1], a grain-boundary precipitation
phenomenon in Magnox ALBO was investigated and
the precipitate confirmed as magnesium hydride,
MgH,. Because Magnox AL80 was developed mainly
for elevated temperature use, it is pertinent to consider
the influence of hydride precipitates on the elevated
temperature mechanical properties. The creep proper-
ties of Magnox AL80 as a function of stress, tempera-
ture and grain size have been summarized previously
[2] and the creep behaviour has been interpreted [3] in
terms of the interaction of dislocations (in the basal
planes) with solute (Al) atoms and the cross-slip of
dislocations from basal to prismatic planes. Earlier
work [4] had shown that at a given temperature, the
highest tensile ductilities are obtained at moderate
rates of strain, and that the ductility decreases with
increasing time to rupture, i.e. at creep rates of strain,
and also with increasing grain size. Furthermore, a
ductility trough in the temperature range of approxi-
mately 200 to 300° C at low rates of strain, particularly
for coarse-grained material, was found to be associated
with grain-boundary cavitation, even though the
maximum extent of cavitation did not coincide with
the temperature of lowest ductility. The nucleation of
cavities on sliding boundaries has been suggested to be
possible at ledges [5], intersections with subgrains [6,
7] and at second-phase particles [8]. Subsequent cavity
growth has been attributed to vacancy condensation
[9], with the process controlled by dislocation move-

ments in the grain interior [10], although an alternative
mechanism involving the annihilation of the dislo-
cations which are responsible for the boundary sliding
has also been proposed [11].

The fatigue properties of Magnox ALS0 are influ-
enced by grain size, test temperature, stress level and
frequency [4, 12], such that high stresses and low test
frequencies above 225°C favour failure by inter-
granular cracking, while low stresses and high fre-
quencies favour grain-boundary cavitation. The fatigue
strength decreases with decreasing grain size and with
increasing temperature, but remains approximately
constant, or even shows a slight increase, for long-term
tests between 400 and 500° C. Grain-boundary cavita-
tion is associated with grain-boundary migration to
positions at 45° to the stress axis [13, 14}, which sug-
gests that extensive cavity nucleation and growth
takes place after the 45° structure is attained [14],
particularly as grain growth and boundary migration
have been shown to be affected by the presence of
cavities [15].

Grain-boundary cracking and cavitation can be
influenced by the presence of grain-boundary precipi-
tates, which suggests that the grain-boundary hydride
precipitates, and their dissociation behaviour, reported
previously [1], may affect the elevated temperature
mechanical properties of Magnox ALS80. This has
been investigated in the present work by the determi-
nation of slow tensile and fatigue propertics on
material subjected to different heat treatments.
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TABLE 1 Manufacturer’s chemical analysis (wt %)

Cast number Al Si Mn Fe Ca Zn Be H (p.p.m.) Mg

B 0.82 0.005 0.006 0.005 <0.005 0.007 0.005 i1 Balance
C 0.84 0.005 0.007 0.005 <0.005 0.002 0.004 9 Balance
D 0.84 0.008 0.005 0.003 < 0.005 0.004 Balance

0.005 12

2. Materials and experimental details
Three batches (B, C and D) of Magnox AL8O were
used and the analyses are given in Table 1. For tensile
tests, an Instron testing machine with variable cross-
head speeds was used, with specimens of 4.5 mm gauge
diameter and 15mm gauge length. Constant cross-
head speeds were used so that all strain rates quoted
are the initial values.

Fatigue tests were carried out at room temperature
(RT) using an Amsler Vibrophore in push-pull
(stress ratio R = —1) at 150Hz and at elevated
temperatures using a Schenck Midget Pulsator in
push-pull at 50 Hz. Hour-glass fatigue test specimens
of 25mm gauge length but different gauge diameters
were used for tests at different temperatures (15 mm
for 450°C, 12mm for 350°C and 10mm for 250°C
and RT).

For elevated temperature tensile and fatigue tests,
the specimens and grips were enclosed in an electric
resistance furnace and each specimen was held for 1h
at the test temperature prior to testing. After specimen
heat treatment, the surface oxide layer was removed
by abrading with SiC paper, followed by chemical
polishing in a solution of 10% HNO, in H,O which
also revealed the grain structure. Surface grain size
was then determined using a linear intercept method,
and finally, the gauge section was hand polished with
Brasso metal polish.

The solvus temperature for the hydride precipitates
was shown in the previous investigation to be approxi-
mately 320° C for the hydrogen contents of the batches
of Magnox used. Hence to generate different precipi-
tate distributions prior to testing, specimens were
given one of the following heat treatments.

(i) Furnace-cool (FC) to RT after 2h at 580°C.
Large and few in number grain-boundary hydride
precipitates.

(i1) Water-quench (WQ) to RT after 2h at 580°C.
Very fine grain-boundary hydride precipitates on
some grain boundaries.

(iii) WQ treatment then aging (WQ + Age) at
250°C for 24h and water-quench to RT. Arrays of
coarser grain-boundary hydride precipitates on some
grain boundaries.

For fatigue tests at 450° C, some samples were given
the WQ treatment and aged at 450° C for up to 2000 h.

TABLE II Results of slow tensile tests at room temperature
and at an initial strain rate of 20% h~! (Batch C)

Heat Elongation  0.2% proof UTS PS/UTS

treatment (%) stress, PS (MNm™2) (%)
(MNm-2)

FC 13 64 152 42

wQ 1 90 155 58

WQ + Age 12 80 144 56

3. Slow tensile properties
3.1. Influence of hydride precipitates at RT
and 250°C
The tensile properties for batch C at RT and an initial
strain rate of 20% h~' are given in Table II. The main
difference between the heat treatments is the lower
normalized proof stress (PS/UTS) for the FC condi-
tion. FC specimens showed transgranular fracture,
Fig. 1, while the WQ and WQ + Age fractures,
although mainly transgranular, also showed occasional
intergranular regions. In the WQ specimen, precipitates
could not be resolved on the intergranular facets, Fig.
2, although the presence of small dimples suggests
fracture by microvoid coalescence associated with fine
precipitates. The WQ + Age specimen showed more
intergranular regions than the WQ specimen, and
these showed hydride precipitates, Fig. 3, some of
which were cracked.

The tensile properties at 250° C and a strain rate of
20% h~! for batch D are given in Table III. As with
batch C at RT, the FC specimens showed a lower
normalized proof stress than the WQ and WQ + Age
specimens. The FC specimens also showed a higher
clongation to failure mainly as a result of greater
reduction in cross-section at fracture. It should be
noted that with the WQ specimens some hydride pre-
cipitation and growth will have occurred at 250°C,
during the 1h hold prior to testing.

The WQ and WQ + Age specimens fractured by
ductile intergranular mechanisms with dimples on
boundary facets, Fig. 4a. However, the dimples, Fig.
4b, were not well defined and the numerous fine fea-
tures preclude the clear detection of any precipitates.
In contrast, the FC specimens showed coarser dimples,
Fig. 5, and the greater reduction in cross-sectional
area indicated that the final fracture path was unlikely
to have been intergranular.

Examination of longitudinal sections of fractured
specimens showed that the lower elongations of the

Figure I Fracture surface of an FC specimen fractured at RT.
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Figure 2 Grain-boundary facet on fracture surface of a WQ specimen
fractured at RT.

WQ and WQ + Age specimens were associated with
intergranular cracks and cavities. By sectioning samples
strained to different extents, grain-boundary cracks
and cavities in the WQ and WQ + Age specimens
were detected soon after the ultimate tensile strength,
(UTS) Fig. 6, whereas no such effects were present in
FC specimens strained to similar elongations. How-
ever, with FC specimens, offsets between surface
grains were observed, Fig. 7, suggesting that some
grain-boundary sliding had occurred.

The variation of elongation to failure with strain
rate at 250° C for batch C is shown in Fig. 8. At high
strain rates (above 200% h~") the values for all three
heat treatments were similar but at lower strain rates
the WQ and WQ + Age specimens showed lower
elongations than the FC, due to greater tendency for
grain-boundary failure.

The grain-boundary cracks and cavities in the WQ
and WQ + Age specimens tested at 20% h™', Figs 4b
and 6, were not identified unambiguously to be associ-
ated with grain boundaries containing the hydride
precipitates. However, examination of the fracture
surface of a WQ + Age sample tested at 800% h™'
revealed the presence on some boundary surfaces,
Fig. 9, of cracked precipitates. It is possible that at
slower strain rates, the precipitates were cracked and
broken up by shearing of the sliding boundaries, so
that the resulting fragments were indistinguishable
from the matrix features, Fig. 4b. The tensile results
suggest, however, that arrays of hydride precipitates
on some boundaries in the WQ and WQ + Age speci-
mens, reduced the overall ductility by initiating cavities.
Larger grain-boundary hydride precipitates were
present in the FC specimens, but the small number of
such precipitates reduced their effect on ductility.

Figure 3 Grain-boundary facet on fracture surface of a WQ + Age
specimen fractured at RT.

3.2. Influence of cavities at 250° C

It has been shown previously [1] that when the hydride
precipitates are reheated above the solvus (~ 320°C)
they will dissolve in the matrix, but simultancously
dissociate to produce cavities. The influence of this on
the tensile properties was investigated by carrying out
one of two in situ thermal treatments prior to testing
at 250°C. In the first (A), specimens (FC, WQ and
WQ + Age) were heated up to 450°C, held for 0.5h
and cooled over 15min to 250° C (fast cool) held for
2h prior to testing at a strain rate of 20%h~'. The
second treatment (B) was similar except the cooling
from 450 to 250° C was over 110 min (slow cool). With
both treatments the initial heating to 450°C would
result in dissolution of the hydride and also the forma-
tion of some grain-boundary cavities due to the simul-
taneous dissociation of the hydride. These cavities
would be relatively few in number with the FC condi-
tion due to the coarse spacing of the initial hydride
precipitates and such cavities would be expected to
have only a small deleterious effect on the ductility.
However, the finer spacing of precipitates in the
WQ + Age condition would lead to more grain-
boundary cavities, and a potentially greater reduction
in ductility [16, 17]. Subsequently, with treatment A,
the fast cool through the solvus and hold at 250°C
would enable fine hydride precipitates to form at a
number of grain boundaries, thus generating a struc-
ture similar to the original WQ + Age, and having a
similar ductility. The slower cool to 250°C used in
treatment B would produce a few large and isolated
precipitates which would have relatively little detri-
mental influence on ductility, i.e. a structure and
properties similar to the original FC condition. Tables
IV and V summarize the results, and the elongations

TABLE III Results of slow tensile tests at 250°C and at an initial strain rate of 20% h™' (Batch D)

Heat treatment Elongation (%) 0.2% proof stress, UTS (MNm™2) PS/UTS (%) True uniform
PS (MNm~?) strain (%)
FC 55.7 223 36.7 61 12.5
FC 48.0 22.1 374 59 12.1
wQ 323 26.7 37.8 71 9.4
wQ 323 259 38.3 68 9.8
WQ + Age 323 25.6 37.6 68 10.9
WQ + Age 323 26.2 37.7 69 9.7
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Figure 4 (a) Fracture surface of a WQ + Age specimen strained at 20% h~' at 250° C. (b) Features on boundary facet in the above specimen.

to failure are also shown in Fig. 10 together with those
of samples tested in the original heat-treated con-
ditions. For the FC specimens, the high initial elong-
ation was reduced by the fast cool from 450 to 250°C,
while a slow cool had no adverse effect. For the WQ
specimens, the lower elongation in the as-treated con-
dition was increased slightly by the fast cool, and the
slow cool produced a greater improvement. With the
WQ + Age specimens, the elongation was improved
a little by the fast cool but not by the slow cool.

On sectioned surfaces of fractured samples, the
reduced ductility of the FC condition after treatment
A was found to be associated with the presence of
grain-boundary cracks and cavities. Conversely, the

TABLE IV Results of slow tensile tests at 250°C and at an
initial strain rate of 20% h~" after a prior in situ fast cool from 450
to 250°C (Batch C)

Initial heat  Elongation Proof stress, PS/UTS True
treatment (%) PS (MNm~2) (%) uniform
strain (%)
FC 44.5 19.1 59 104
FC 50.0 22.2 64 12.4
FC 53.7 20.9 63 10.6
wQ 44.2 233 62 11.0
wQ 40.1 21.2 62 12.2
WQ + Age 42.7 23.9 70 8.9
WQ + Age 433 24.0 70 9.2

increased. ductility of the WQ material with the slow
cool condition was associated with very few grain-
boundary cracks and cavities. Examination of the
fracture surfaces of WQ + Age test samples with
prior heating to 450°C showed the presence of fine
particles (previously identified as probably Mg,Si [1])
inside cavities on some boundary surfaces, Fig. 11.
Such fine particles were typically associated with cavi-
ties produced by the dissociation of hydride precipitates
when they were reheated to higher temperatures [1]. The
form of the cavities and fine particles produced in this
way and shown in Fig. 11 is clearly different from the
cavities shown in Figs 4a and b, which are also from
a WQ + Age specimen but tested in the as-treated
condition.

TABLE V. Results of slow tensile tests at 250°C and at an
initial strain rate of 20% h ™' after a prior in situ slow cool from 450
to 250°C (Batch C)

Initial heat  Elongation Proof stress,  PS/UTS True
treatment (%) PS (MNm™?) (%) uniform
strain (%)
FC 61.0 22.1 60 9.8
wQ 54.3 20.6 63 10.3
wQ 53.0 19.6 63 104
WQ + Age 39.8 21.5 64 9.1
WQ + Age 354 20.5 63 8.3

Figure 5 Fracture surface of an FC specimen strained at 20% h™' at
250°C.

Figure 6 Sectioned surface of a WQ specimen strained at 20% h™!
at 250° C to just past the UTS.
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Figure 7 As Fig. 6 but for an FC specimen.

3.3. Influence of test temperature

The variation of the elongation to failure at a strain
rate of 20% h™' with the test temperature ranging
from 250 to 450°C for specimens from batch C is
shown in Fig. 12. At 350°C and above, i.e. above the
hydride precipitate solvus temperature of ~ 320°C, all
samples failed by extensive necking down to almost a
point and the elongations to failure fell within a scatter
band but with the WQ + Age specimens forming the
lower limits of the scatter band at 350 and 400° C. The
lower ductilities of the WQ + Age specimens at 350
and 400°.C is again consistent with the dissociation of
the hydride precipitates to form cavities during the 1 h
pre-heating at the test temperature. At 250 and 300° C,
the WQ and WQ + Age specimens, both of which
would have arrays of hydride precipitates on some
boundary facets, behaved similarly with lower elonga-
tions and small degrees of necking, while the FC
specimens showed higher elongations and higher
reductions in area. It is worthy of note that the tem-
perature range 250 to 300° C over which differences in
ductilities existed between the FC and other specimens,
is not only below the hydride solvus temperature, but
is also the temperature range over which Magnox
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Figure 8 Variation of elongations to failure with initial strain rate at
250°C. (O) FC, (0) WQ, (8) WQ + Age.
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Figure 9 Grain-boundary hydride precipitates on fracture surface of
a WQ + Age specimen strained at 800% h~! at 250°C.

ALBO exhibits a ductility trough [4]. It is possible that
grain-boundary hydride precipitation may contribute
to the ductility trough phenomenon but it cannot be
the main cause. This follows because the FC speci-
mens, which contained a few large hydride precipitates,
which would not have a pronounced influence on the
overall ductilities, also showed lower elongations at
250 and 300°C than at higher temperatures. The
reduction in elongations in the WQ and WQ + Age
samples due to the presence of arrays of grain-
boundary hydride precipitates is thus superimposed
on the ductility trough phenomenon.

4. Fatigue properties

4.1. Influence of hydride precipitation

The S-N; curves for fatigue tests at room temperature
are shown in Fig. 13. The fatigue lives at a given stress
decrease in the order of WQ, FC and WQ + Age
specimens. However, the differences are small and the
superior fatigue lives of the WQ specimens, particularly
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Figure 10 Variation of elongations to failure for samples tested at
250°C (a) in the as-treated condition; (b) with a prior in situ fast
cool from 450 to 250° C, and (c) with a prior in situ slow cool from
450 to 250°C. (O) FC, (0) WQ, (@) WQ + Age.



Figure 11 Grain-boundary facet on fracture surface of a WQ +
Age specimen fractured at 250° C after a prior ién situ slow cool from
450 to 250°C.

in comparison with the WQ + Age specimens, may
have been due to the surface compressive stresses
introduced by the water quench, which also caused
twinning of the surface grains, Fig. 14. The twinning
of the surface grains was not removed by the ageing
treatment in the WQ + Age specimens, but residual
stresses would be reduced. Failures in all cases were
transgranular which indicated that the hydride preci-
pitation at grain boundaries had negligible influence
on behaviour.

The S-N; curves for tests at 250 and 350°C are
shown in Figs 15 and 16. At 250° C there is a change-
over in order of fatigue lives at approximately
+19MN m~? which is associated with the transition
from intergranular failures at low stresses to trans-
granular failures at high stresses. This was true of
samples in all three heat-treated conditions and is
illustrated by Fig. 17, which is for an FC specimen
tested at a low stress level of +16 MNm 2, and
Fig. 18, which is for a WQ + Age specimen tested at
a high stress level of +22MNm™2. These observations
are in accord with previous results [4] which showed
that transition from transgranular failures at low tem-
peratures to intergranular failures at high temperatures
was stress dependent.

At low stresses at 250°C and most stresses at
350° C, the fatigue strength decreases in the order WQ,
WQ + Age and FC. There is also an indication of a
cross-over in the curves at 350° C at shorter lives. At
450° C, the majority of the specimens tested were in
the FC or the WQ condition. Samples from all three
batches were tested and results are shown, Fig. 19. It
is apparent that the data points are better grouped by
their heat treatments than by batch. Examination of
the tested samples showed that the twinning of surface
grains in the as-treated WQ specimens was removed
during the testing at 450°C. Fractures were inter-
granular and the fracture surfaces showed that copious
cavitation had taken place at the grain boundaries,
Fig. 20. Because, independent of the original treat-
ment, all specimens would be single phase at 450°C,
the superior fatigue strength of the WQ specimens
compared with the FC specimens, was probably asso-
ciated with the recrystallization of the surface grains.
This would delay the onset of grain-boundary sliding
and hence also general grain-boundary cavitation.

In addition to the FC and WQ specimens, a few
samples which had been aged at 250°C for 16 days
following a WQ treatment were also tested at 450° C.
In these samples, cavities would be present on some
boundaries after the 1h preheating at 450°C. The
fatigue lives were similar to those of the WQ specimens
indicating that the presence of pre-existing cavities on
some boundaries did not have any detrimental effects
under conditions where rapid cavitation could take
place during the fatigue tests.

For a pre-existing cavity to act as an effective cavity
nucleus it must be thermodynamically stable, and the
critical cavity radius, ., iS given by [18, 19]

Forip > 4ykT/aZQ

where 7y is the surface energy of the matrix, k the
Boltzmann constant, T the temperature, ¢ the applied
stress across the boundary and Q the atomic volume.
For boundaries experiencing the maximum shear
stresses, i.e. at 45°C to the stress axis, the shear and
normal stresses are both ¢,/2 where o, is the applied
stress amplitude. Usingy = 0.6Jm™?and Q = 2.7 x
10~% m? the critical radius, r.;,, would be 395 um for

Figure 12 Variation of elonga-
tions to failure with test tem-
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6o = 3MNm™? at 450°C and 48 um for 6, = 8 MN
m~? at 350°C, i.e. much larger than the typical sizes of
the pre-existing cavities of not more than a few micro-
metres. However, r.;, can be greatly reduced if the
sliding boundary is non-planar [19, 20]. For a bound-
ary with sinusoidal form of wavelength 1 and ampli-
tude A, the local normal stress across the boundary is
increased by a factor of 24/mh with consequent reduc-
tion in r. [20]. Using a value of 0.01 for A/4 [19], .,
for the above stress levels and temperatures becomes,
respectively, 0.1 um at 450°C and 0.01 gm 350°C.
Thus micrometre-sized pre-existing cavities can act as
effective cavity nuclei with the aid of the stress con-
centration effect. However, for the stress concentra-
tion effect to be generated at boundary irregularities,
of which grain-boundary cavities may be a type, grain-
boundary sliding is a prerequisite. Because grain-
boundary sliding is favoured for boundaries which
experience high shear stresses, i.e. at or near to 45° to
the stress axis, it would be expected that little or no
stress concentration effects would be experienced by
pre-existing cavities on boundaries located away from
positions at 45° to the stress axis. Because in the
present experiments the pre-existing cavities were due
to the dissociation at 350 or 450°C of the hydride
precipitates formed during ageing at 250°C and as
not all grain boundaries exhibited the precipitation

Figure 14 Twinning of surface grains of fatigue test specimens
introduced by the WQ treatment.
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phenomenon, only a small fraction of the boundaries
would contain pre-existing cavities as well as being at
or near the 45° positions. Furthermore, the pre-exist-
ing cavities on boundaries initially at locations away
from the 45° positions could have a pinning effect on
the boundaries and thus prevent migration to the 45°
positions. It is therefore unlikely that pre-existing
cavities had any influence on the fatigue behaviour at
350 and 450° C. The main trend demonstrated by the
fatigue test results at 450 and 350°C and the lower
stress region at 250° C is the increased lives shown by
the WQ specimens compared with the FC. The WQ +
Age specimens were intermediate in life. Hydride
precipitates would be present in the specimens tested
at 250° C but not in those tested at 350 and 450° C, but
this difference in structure did not influence the order
of the fatigue lives. This indicates, therefore, that the
hydride precipitate distribution did not have any
significant effect during the tests at 250° C and that the
differences between the FC and WQ results at 250, 350
and 450°C were associated with residual surface
effects from the initial cooling rate from 580° C, such
as compressive stresses, twinning and recrystallization
in the WQ specimens.

4.2. Influence of prolonged ageing at 450° C
The effects of ageing at 450° C for 1500 h following a
WQ treatment on the fatigue lives at 450° C for samples
from batch B are shown in Fig. 21, which also includes
the data for samples tested in the FC and WQ as well
as some other heat-treated conditions. It is clear that
the prolonged ageing had a detrimental effect particu-
larly at low stresses. The degradation in fatigue lives
was not due to stresses introduced by the final water
quench from 450°.C because a furnace cool to room
temperature after the prolonged ageing gave the same
result. Furthermore, prolonged ageing treatment
before the test specimens were machined produced
similar reductions in fatigue lives, which suggested
that interaction of the specimen surface with the fur-
nace atmosphere at 450° C was not responsible.

To investigate the long-term ageing further, speci-
mens which had received different ageing times were
tested at +3MNm™2, Fig. 22. The fatigue lives
decrease gradually with increasing ageing times up
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Figure 16 S-N; curves for fatigue tests at 350°C. (00)
FC, (0) WQ, (@) WQ + Age.

to 1500 h when they are comparable to those of the
FC specimens. The effect of cooling procedure from
580° C was demonstrated by samples which were slowly
cooled from 580 to 350°C, held for 1h and finally
water quenched to RT. Such a treatment might be
expected to produce fatigue lives inbetween those of
the FC and WQ specimens. The fatigue lives (Fig. 22)
were inferior to those of the WQ specimens, but within
the scatter band of those of the FC specimens. How-
ever, WQ treatment from 580° C after prolonged ageing
at 450° C still resulted in a reduced life. This suggests
that the deleterious effect of long-term ageing is due to

p <
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Figure 17 Sectioned surface of an FC specimen after fatigue testing
at +16 MNm~% at 250°C.

10°
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10

a different cause from that which produces lower
fatigue lives in the FC specimens.

Because the failure mode at 450°C is by grain-
boundary cavitation, Fig. 20, which is closely
associated with grain-boundary sliding [13, 14], grain-
boundary orientations (inclinations) with respect to
the stress axis would have some influence through the
variation of resolved shear stresses with boundary
inclination. The boundary-inclination distributions
with respect to the stress axis were assessed by analys-
ing the angular distributions of boundary traces on
longitudinal sections. Samples tested at +3 MNm™?

———t
200 pm

Figure 18 Sectioned surface of a WQ + Age specimen after fatigue
testing at +22MNm~? at 250°C.
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at 450° C were analysed and the angular distributions
for cavitated and non-cavitated boundaries in FC,
WQ and 1500 h aged specimens are shown in Figs 23a
to f. As expected, the cavitated boundaries, Figs 23a,
c and e, are grouped near the 45° positions, while the
non-cavitated boundaries, Figs 23b, d and f, comple-
ment the distributions for cavitated boundaries and
show troughs near the 45° positions. Although these
distributions were obtained from sectioned surfaces,
the actual angular distributions in three-dimensional
space can be derived analytically from the observed
boundary trace distributions [21]. This was done for
the sample with the 1500 h ageing treatment, Figs 23e
and f, and the derived distributions in Fig. 24 show
that the observed peak in the range of 30 to 50° C for
the cavitated boundaries is accentuated by the trans-
formation. The spurious negative values in some cases
are due to the sensitive nature of the transformation,
particularly when the observed distributions are subject
to statistical fluctuations. Possible changes of the
angular distributions during fatigue cycling were
analysed by comparing the distribution of boundary
traces in the unstressed shoulder sections with that of
all boundaries (cavitated and non-cavitated) in the
gauge section. The results, in terms of differences in
the relative frequencies within each angular range, are

Figure 20 Fracture surface of a WQ specimen after testing at
+3MNm 2 at 450°C.
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shown in Figs 25a, b and ¢. The FC and WQ specimens
show a slightly higher proportion of boundaries at iow
angles to the stress axis in the gauge sections. For the
sample with the long-term ageing, a large proportion
of the boundaries in the gauge section are in the
angular range of 30 to 60° to the stress axis. Compari-
son of the boundary trace distributions of the shoulder
sections between the WQ specimen and the sample
with the long-term ageing showed that the boundary
orientations were essentially random in both samples.
Assuming that these distributions were representative
of the heat-treated but uncycled material, it follows
that the peak near 30 to 60° to the stress axis in the
gauge section of the aged sample, Fig. 25c, was devel-
oped during the fatigue cycling rather than during the
1500 h ageing at 450° C. Furthermore, strain-induced
grain-boundary migfation took place during the fatigue
cycling at 450° C, such that the grain sizes in the gauge
sections were typically 0.8 mm compared with 0.5 mm
in the shoulder sections. It would thus appear that one
effect of the long-term ageing at 450° C was to render
the boundaries more prone to cyclic strain-induced
migration to positions at 30 to 60° to the stress axis
where boundary sliding and cavitation was favoured,
thus causing earlier failure.

5. Conclusion

The influence of grain-boundary hydride precipitates
on the elevated temperature tensile and fatigue
properties of Magnox ALS80 has been investigated,
using three different heat treatments. In addition,
the influence of long-term ageing at 450°C on the
fatigue lives at that temperature has also been investi-
gated.

At an initial strain rate of 20% h~', the presence of
arrays of grain boundary hydride precipitates in the
I'WQ and WQ + Age specimens at 250 and 300°C
resulted in lower ductilities, compared with the FC
specimens. This was associated with the formation of
intergranular cracks and cavities. At higher tempera-
tures, the WQ + Age specimens showed slightly
lower ductilities than the FC and WQ specimens. A
possible reason for this was the formation of grain-
boundary cavities during the 1h preheating period



Figure 21 Effects of long term (1500 h) ageing at 450° C on
the fatigue lives at 450° C compared with the FC and WQ
results in Fig. 19.(0) FC, (0) WQ, (@) WQ + Age at
450°C, (@) WQ + Age at 450° C before machining speci-
men, (A) WQ + Age at 450° C with FC to RT.
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Figure 22 Effects of ageing times at 450°C on the
fatigue lives at +3MNm™? and also the effects of
reheat treatment at 580° C. Data also included for the
WQ and FC treatment and a treatment involving an
initial FC to 350° C followed by WQ.

e e — T T
wa o o
WQ + 2k 450°C AGE ©
" Sh " o
" 24h " o 0o
48h " [} o

" 100k " o o
" 750h “ o-—o
« 1500h " o—o o

2000h u o0
FC —_———— 0 o
WG + 1500h 650°C AGE o

+ 1h 580°C WG to RT
FC to 350°C th WQ to RT oo
caual Ll P
10 20

Cycles to Failure at £ IMNm2

Figure 23 (a) and (b) Angular distribution of the orienta-
tion of cavitated and non-cavitated grain-boundary traces
with respect to the stress axis in an FC specimen after
1 1 testing at +3 MNm ™2 at 450° C. (c) and (d) As for (a) and
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(c) Cavitated Boundaries

Figure 23 Continued.
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prior to testing, caused by the dissociation of the
hydride precipitates.

Over the range of strain rates (20 to 2000% h™')
used at 250°C, the lower ductilities of the WQ and
WQ + Age specimens as compared with the FC
specimens were most evident at the lower rates of
strain (20 or 40%h™").

Following an in situ solution treatment at 450°C
immediately prior to straining at 20% h™' at 250°C,
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the ductilities depended on the cooling rate from 450
to 250°C. The effects observed can be interpreted in
terms of the changes in the hydride precipitate distri-
bution and also the generation of cavities as a result of
hydride dissociation.

The fatigue endurance of Magnox ALS80 is not
significantly influenced by the grain-boundary hydride
precipitates. At room temperature this is due to the
mainly transgranular failure mode. At higher tem-
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peratures, where intergranular failures are found it is
suggested that the grain boundaries containing the
hydride precipitates, or cavities produced by dissoci-
ation of the precipitates, were not appropriately orien-
tated to experience high shear stresses. In general, the
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Figure 25 Differences in the relative frequencies of the angular
distributions of grain-boundary traces between shoulder sections
and gauge sections (cavitated and non-cavitated boundaries) for (a)
FC, (b) WQ, and (c) WQ + 450°C Age for [500h. Specimens
tested at +3MNm~2 at 450°C.

Figure 24 Comparisons of (——) the observed angular
distributions of grain-boundary traces (as in Figs 23e and
) with (- - -) the derived distributions.

FC specimens showed lower fatigue lives than the WQ
specimens. The longer fatigue endurances of the WQ
specimens may have been due to the presence of surface
compressive stresses for the lower temperature tests,
and the twinning of surface grains produced by the
water-quench, leading to the recrystallization of surface
grains at higher temperatures.

The fatigue endurance at 450° C of WQ specimens
was also reduced by an extended ageing treatment at
450°C prior to testing. This was associated with
increased strain-induced migration of grain boundaries
during fatigue cycling in a 1500h aged specimen,
although the cause for this is unknown.
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