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Evaluation of the tensile and fatigue behaviour of
ingot metallurgy beryllium/aluminium alloys

V. C. NARDONE, T. J. GAROSSHEN
United Technologies Research Center, East Hartford, CT 06108, USA

The tensile and fatigue behaviour of ingot metallurgy beryllium/aluminium alloys produced
by Nuclear Metals, Inc., is determined as a function of temperature. The wrought alloy and
the casting alloy are both shown to have a very high stiffness to density ratio compared with
common structural materials. The wrought alloy was found to have superior fatigue
strength, tensile strength and ductility relative to the casting alloy; it also maintained

a greater fraction of its tensile strength as a function of temperature. The stiffness of the
materials can be readily explained using standard composite theory, where the material is
treated as a discontinuous beryllium-reinforced aluminium matrix composite. The strength
of the casting alloy is controlled to a large extent by the strength of its aluminium alloy
matrix. In contrast, strengthening increments from both dislocation-based mechanisms and
load transfer appear to be operative for the wrought material. Fractographic analysis of

tensile specimens showed that preferential failure of the aluminium regions or the
beryllium/aluminium interfacial regions occurs under certain circumstances. Fracture
analysis of fatigue samples revealed no obvious fracture initiation sites and no evidence of

limited/controlled crack growth regions.

1. Introduction

There continues to be a need for high-performance
low-density materials in aerospace applications. One
class of material currently under development for such
applications is the beryllium—-aluminium alloys being
marketed by Nuclear Metals, Inc. (NMI), under the
tradename Beralcast®. The Beralcast alloys consist of
65 wt % Be with the balance being an aluminium alloy
matrix. The composition of the aluminium alloy matrix
is tailored to result in a material that is suitable for use
as either an investment casting alloy or a wrought alloy
suitable for extrusion. Because beryllium is virtually
insoluble in aluminium, essentially pure primary beryl-
lium dendrites form during the solidification of the
Beralcast alloys. The resulting microstructure consists
of a bi-metallic structure of pure beryllium particles
contained within an aluminium alloy matrix. The pres-
ence of the aluminium regions in the Beralcast alloys
results in substantially improved ductility and fabrica-
bility relative to pure beryllium.

The purpose of this work was to evaluate the mech-
anical properties of two different alloys produced by
NMI: the casting alloy Beralcast 363 and the wrought
alloy Beralcast 310. Specifically, both the tensile and
fatigue performance of the Beralcast alloys are deter-
mined as a function of temperature. To date, only the
room-temperature tensile properties of these materials
have been published [1]. In addition, a microstruc-
tural and failure mode analysis was performed to
complement the mechanical property testing to help
establish the microstructure/property relationships
that exist for these unique materials.
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2. Experimental procedure

2.1. Material

The Beralcast alloys were received from NMI in two
different forms. The casting alloy Beralcast 363 was
produced as 1.27 cm (0.50 in.) outer diameter (o.d.)
investment cast segments that were machined to final
dimensions. The wrought alloy Beralcast 310 was pro-
duced in the form of a 1.27 cm (0.50 in.) o.d. extruded
rod approximately 1.5 m (5 ft) in length. Both mater-
ials were tested in the as-fabricated condition. Optical
micrographs of the Beralcast materials are shown in
Figs 1-3. The beryllium phase, which constitutes
~73% of the material by volume, appears dark in the
micrographs. This beryllium volume fraction level
results in a material density of 2.12gcm 3
(0.076 Ib/in~3) for both of the alloys. The nominal
alloy compositions (wt%) are Al-65Be-3Ag-1Ge
—1Co for the Beralcast 363 alloy and Al-65Be-2Ag
—2Si for the Beralcast 310 alloy. The compositions
have been tailored by NMI to result in a material
that has good mechanical properties and adequate
castability (for the cast product) and formability
(for the wrought product) [1]. Note that the alloying
additions segregate to the aluminium regions of the
material such that the materials essentially consist of
pure beryllium regions that are embedded within an
aluminium alloy matrix [1].

The microstructure of the casting alloy shown in
Fig. 1 is representative of samples taken from multiple
orientations, i.e. there was no directionality in the
material’s microstructure. Note that the cast material
has a coarse microstructure, with the width of the
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Figure 3 (a, b) Longitudinal sections of the Beralcast 310 extruded rod (etched for improved contrast).

secondary beryllium dendritic arms being approxim-
ately 50 um in size. The length of the dendritic arms is
typically about 100 um, while the primary dendritic
cores are several hundred micrometres in length. Al-
though the beryllium regions are irregular in shape,
they do have an appreciable aspect ratio. The spacing

3976

between the beryllium regions is typically on the order
of tens of micrometres.

Optical micrographs of the microstructure of the
extruded material is shown in Figs 2 and 3. In this
case, the extrusion process aligns the beryllium
regions along the extrusion direction. This may be



observed by comparing the longitudinal section
shown in Fig. 2 with the transverse section shown
in Fig. 3. The microstructure in the wrought prod-
uct is also more refined relative to the cast product.
The typical width of the beryllium regions is from
10-20 um, with the typical spacing between the
beryllium regions being about 2 pum. The trans-
verse section of Fig. 3 indicates that the beryl-
lium regions have a typical aspect ratio of about
8 to 1.

2.2. Procedure

Both tensile and fatigue properties were determined
for the Beralcast alloys. The tensile testing was con-
ducted at room temperature, 232°C (450°F) and
371°C (700 °F) for as-cast Beralcast 363 samples and
for the longitudinal (parallel to the extrusion direc-
tion) orientation of the Beralcast 310 rod. The tensile
test specimen had a nominal 0.61 cm (0.24 in.) gauge
diameter by 3.8 cm (1.5 in.) gauge length with threaded
end attachment regions. The tensile testing was con-
ducted at a constant crosshead displacement rate of
0.13 cmmin~ ! (0.05 in. min~'). Extensometry having
a 2.54 cm (1.0 in.) gauge length was used to measure
the sample strain.

All of the fatigue testing was conducted at 232°C
(450°F) and an R value (ratio of minimum to
maximum stress) of 0.1. Smooth cylindrical con-
stant gauge section samples with threaded end regions
were used for the fatigue testing. The samples of the
cast material had a 0.46 cm (0.18 in.) gauge diameter,
while the samples of the wrought material had
a 0.64 cm (0.25 in.) gauge diameter. The testing was
performed at frequencies ranging from 5-20 Hz, where
the higher frequencies were used for the lower load
levels.

Scanning electron microscopy (SEM) was per-
formed on failed tensile and fatigue samples to assess
the microstructural factors that influence material
performance.

TABLE I Tensile test results

3. Results

3.1. Tensile test results and fractographic
analysis

A summary of the tensile test results is provided in

Table I, while stress—strain curves as a function of

temperature are shown in Figs 4 and 5. As might be
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Figure 4 Stress—strain curves as a function of temperature for the
cast Beralcast material.
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Figure 5 Stress—strain curves as a function of temperature for the
extruded Beralcast material.

Temp. Elastic modulus Yield strength Tensile strength Failure
strain
(°C) (°F) (GPa) (10° p.s.i.) (MPa) (10° p.s.i.) (MPa) (10° p.sii.) (%)
Beralcast 363—casting alloy
Room temp. 218 31.6 249 36.1 290 42.0 33
244 354 216 313 264 38.3 1.8
232 450 176 25.5 163 239 184 26.7 5.2
168 24.4 165 23.9 190 27.6 4.5
371 700 134 19.4 95 13.7 99 144 6.2
152 22.0 71 10.3 77 11.2 9.3
Beralcast 310-wrought alloy
Room temp. 238 34.6 293 424 421 61.0 14.8
238 34.6 295 42.8 421 61.0 9.9
232 450 197 28.6 286 41.5 343 49.7 16.7
184 26.7 287 41.6 343 49.7 16.6
371 700 136 27.0 241 35.0 275 39.9 6.5
169 24.5 222 322 250 36.2 10.9
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Figure 7 High-magnification scanning electron micrographs of the room-temperature tensile fracture of the cast material. (a) Beryllium

cleavage fracture, (b) aluminium ductile dimple failure.
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Figure 8 (a, b) Longitudinal sections through the fracture surface for a room-temperature tensile specimen of the cast material.

expected, the results indicate that the wrought product
possess superior strength and ductility relative to the
cast product. In particular, the wrought product
shows a substantial amount of plasticity in the
stress—strain curves. The wrought product also main-
tains a greater fraction of its room-temperature
strength as a function of temperature.

Illustrations of the tensile fracture surfaces for
both the cast and wrought materials as a function of
temperature are shown in Figs 6-13. The appearance
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of the fracture surface for the cast material did
not vary as a function of temperature. Therefore,
the results presented in Figs 6 and 7 for the room-
temperature sample are also representative of the
elevated-temperature samples. The fracture surfaces
of the cast samples tend to have a relatively non-
planar, rough morphology. At higher magnifications,
ductile dimple fracture of the aluminium regions and
a cleavage-type fracture for the beryllium regions,
is observed.



(a) .

Figure 10 (a, b) SEM images of room-temperature tensile fracture surface of the extruded material.

Figure 11 (a, b) SEM images of tensile fracture surface of the extruded material tested at 371 °C (700 °F).

For the extruded-material fracture surfaces shown
in Figs 10 and 11, there is a gradual transition from
a planar fracture surface at room temperature to
a more undulating fracture surface at elevated temper-
ature. This difference in fracture surface morphology
is further illustrated by the longitudinal sections

through the fracture surfaces shown in Figs 12 and 13.
The higher magnification scanning electron micro-
graph for the room-temperature sample shows ductile
ligaments of the aluminium regions extending above
the more brittle beryllium regions that have failed by
cleavage. At elevated temperature, these aluminium
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(a)

Figure 12 (a, b) Longitudinal section through the fracture surface for a room-temperature tensile specimen of the extruded material.

Figure 13 (a, b) Longitudinal sections through the fracture surface for a 371 °C (700 °F) tensile specimen of the extruded material.

regions extend to a greater degree above the planar
beryllium regions and tend to dominate the fracture

surface appearance.

3.2. Fatigue test results and failure analysis
The results of the fatigue testing are summarized in
Table IT and Fig. 14. The data for the wrought mater-
ial falls consistently above that of the cast material.
This result is consistent with respect to the relative

TABLE II Fatigue test results for testing at 232 °C (450 °F) and an

400 | 1 60
4 50
5 300 A 1 10 3
s A & oo
2 200 F 430 <
o »
& 3
* 120 £
100 | 0
—»
0 I 1 1 0
3
10 10* 10° 10° 10’

R value of 0.1

Maximum stress Cycles to
failure
(MPa)  (10° p.si) (x10%)
Beralcast 363 — casting alloy 172 25 29.059
138 20 1242.117
104 15 3677.303
69 10 >10000
Beralcast 310 — wrought alloy 310 45 1.135
276 40 69.959
242 35 52.692
242 35 699.514
242 35 192.450
207 30 1232.267
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Figure 14 Fatigue data for the cast and extruded material: (®)
Beralcast 363, as cast; (A) Beralcast 310, extruded. R = 0.1; 232°C
(450 °F).

tensile strength of the two materials. The R = 0.1,
232°C (450 °F) 107 fatigue life appears to be approx-
imately 172 MPa (25 x 10° p.s.i.) for the wrought ma-
terial versus 69 MPa (10* p.s.i.) for the cast material.

Representative examples of the fatigue fracture
surfaces for the two materials are shown in Figs 15
and 16. The fatigue fracture surfaces were very similar
in appearance to the tensile fracture surfaces tested at



Figure 16 (a, b) SEM images of fatigue fracture surface of the extruded material.

the same temperature. There was no evidence of stri-
ations resulting from fatigue crack growth and there
were no obvious fatigue initiation sites such as inclu-
sions or porosity.

4. Discussion

4.1. Material stiffness levels

As mentioned in a companion paper that evaluates the
mechanical properties of a powder metallurgy derived
Be/Al material [2], it is worth noting the unique
stiffness to density ratio that Be/Al materials possess.
The measured room-temperature elastic modulus for
the Beralcast alloys is about 228 GPa (33 x 10° p.s.i.),
which is similar to the value of steels and nickel-base
alloys. However, the density of the Beralcast 363
and 310 is only 2.12gcm ™3 (0.076 Ibin~3), which
is about 20% lower than that of aluminium. From a
stiffness/density ratio basis, the Beralcast materials are
about a factor of 4.3 times higher than conventional
metals such as steel, nickel, titanium and aluminium.
This certainly suggests that the material is well suited
for stiffness critical applications.

The data indicate that the room-temperature elastic
modulus of the Beralcast materials was similar for
both the wrought and the cast product. Because the
Beralcast material essentially consists of pure beryl-
lium regions that are embedded within an aluminium

alloy matrix, one can analyse the properties of the
material by treating it as a discontinuously reinforced
metal. The modulus of a discontinuously reinforced
material can be calculated using the following
Tsai-Halpin equation [3].

Ec=En(1+CnV,)[(1—nV,) 1)

where E, is the composite modulus, E,, is the matrix
modulus and V, is the reinforcement volume fraction.
The value of n is equal to

n= (Er/Em - 1)/(Er/Em + CL) (2)

where E, is the modulus of the reinforcement. Finally,
the value of C; is dependent on geometric factors,
which for a discontinuous reinforcement having an
aspect ratio of s is

Cp =25 + 40V1° 3)

The appropriate values for Beralcast materials are
E,, = 69 GPa (the modulus of aluminium), E. = 290
GPa (the modulus of beryllium) and V; = 0.73 (the
volume fraction of beryllium).

The value for the aspect ratio of the beryllium
regions was determined to be 8 for the wrought prod-
uct, but is very difficult to define for the cast product.
To span a range of values, the elastic modulus will be
calculated assuming an aspect ratio of 2, 4, 8 and 12.
The results of the calculations are reported in
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TABLE III Calculated values for the elastic modulus of the
Beralcast material as a function of beryllium region aspect ratio

Temp. Be region Calculated elastic
aspect ratio modulus
(°O) (°F) -
(GPa) (10° p.s.i)
Room temperature 2 212 30.7
4 218 31.6
8 223 323
12 225 32.6
371 700 2 176 25.5
4 183 26.5
8 188 27.2
12 190 27.5

Table III. The results indicate that the calculated
elastic modulus is a weak function of the assumed
particle aspect ratio, being about 221 GPa (32 x 10°
p-s.i.). The calculated value is very similar to the ob-
served results for both Beralcast materials. The good
agreement between theory and experiment indicates
that the bond existing between the beryllium and
aluminium regions within the Beralcast materials is
sufficient to permit effective load transfer from the
aluminium to the stiffer beryllium. The net result is
a material that behaves like a well-bonded discontinu-
ously reinforced metal matrix composite.

The loss of modulus that occurs at elevated temper-
ature should be considered with respect to the loss
of modulus observed for monolithic aluminium
and beryllium. Specifically, the modulus of aluminium
at 371°C (700°F) has been reported to be about
52 GPa (7.5 x 10° p.s.i.) [4], while that of cross-rolled
beryllium sheet has been reported to be about
248 GPa (36 x 10° p.s.i.) [5]. Substituting these elev-
ated-temperature modulus values for E,, and E, re-
sults in a calculated modulus value of about 186 GPa
(27 x 10° p.s.i.) as reported in Table I11. In this case,
there is very good agreement between the calculated
and the experimentally measured values for the
wrought product, but the measured value for the cast
product is lower than calculated. This lack of agree-
ment for the cast product may be due to the difficulty
in measuring the modulus value of a material having
a very low yield strength, where plastic yielding makes
it difficult to establish an extended linear region in the
stress—strain curve. Sonic modulus measurements are
more appropriate for such a situation.

4.2. Yield strength levels

The room-temperature yield strength of the Beralcast
alloys is about 228 MPa (33 x 10° p.s.i.) for the casting
alloy and about 297 MPa (43 x 10® p.s.i.) for the
wrought alloy. Unfortunately, data do not exist on the
yield strength levels for the aluminium alloy composi-
tions used in the Beralcast materials. However,
reasonable estimates can be made by performing
microhardness testing on the aluminium regions of the
casting alloy and by examining the strength levels of
alloys with similar compositions. Note that because
the alloying elements segregate preferentially to the
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aluminium alloy regions of the Beralcast materials
and these regions constitute about one-third of the
material, the weight per cent of the alloying elements
in the aluminium alloy regions is about a factor of
three higher than the overall nominal weight percent-
ages reported in Section 2 above.

The microstructure of the Beralcast 363 material is
sufficiently coarse to permit microhardness measure-
ments to be made in the aluminium alloy regions.
Prior work has established a correlation between
Vickers microhardness (25 g load) and yield strength
for 6061 Al [6]. Specifically, it was determined using
a linear least squares fit (correlation coefficient of 0.98)
the yield strength (YS, in MPa) was

YS (MPa) = — 1.3 +2.51 VH (@)

where VH is the Vickers hardness level using a 25 g
load. For the Beralcast 363 material, the Vickers hard-
ness in the aluminium alloy regions was measured as
73. Therefore, the baseline strength of the aluminium
alloy matrix for the Beralcast 363 material will be
estimated to be 180 MPa (26 x 10° p.s.i.) for the dis-
cussion on strengthening mechanisms below. This is
reasonably close to the experimentally measured
Beralcast 363 yield strength of 228 MPa (33 x 10 p.si.).

The composition of the aluminium alloy regions for
the wrought Beralcast 310 material is approximately
Al-6Si-6Ag. The effect of silver on the strength of
aluminium is not documented, but one can examine
the properties of an Al-Si—Cu alloy as a reasonable
estimate. (Copper and silver occupy the same column
in the Periodic Table, and the Al-Cu and Al-Ag phase
diagrams have similar features in the aluminium-rich
region.) The commercial 308 Al alloy with a nominal
composition of Al-5.5Si-4.5Cu, has a typical yield
strength of 110 MPa (16 x 10® p.s.i.) in the F temper
[7]. Additionally, the commercial 319 Al alloy with
a nominal composition of Al-6Si-3.5Cu has a typical
yield strength of 125 MPa (18 x 10° p.s.i.) in the F tem-
per [7]. Therefore, the baseline strength of the alumi-
nium alloy matrix for the Beralcast 310 material will
be estimated to be 117 MPa (17 x 10° p.s.i.) for the
discussion on strengthening mechanisms below.

To summarize with respect to yield strength levels,
it appears that the Beralcast 363 casting alloy has
similar strength levels to that of its aluminium alloy
matrix. However, wrought Beralcast 310 alloy is sub-
stantially stronger than the estimated yield strength of
its aluminium alloy matrix. Provided below is a dis-
cussion of candidate strengthening mechanisms to
help explain these observations.

4.3. Dislocation-related strengthening
mechanisms

Three distinct candidate strengthening mechanisms
based on dislocation micromechanics will be con-
sidered as previously done in the strength analysis of
dispersion-strengthened aluminium [8] and a com-
panion paper on powder metallurgy Be/Al alloy [2]:
the Orowan mechanism, grain-boundary strengthen-
ing (Hall-Petch strengthening) and an increase in dis-
location density resulting from the relaxation of the



thermal expansion mismatch between the aluminium
and beryllium phases. The equations and relevant
data are repeated here for convenience.

For the Orowan mechanism, the particle by-passing
stress, T, is predicted to be [9]

. _113Gb
¢ 2D

In(d/ro) ©)

where G is the matrix shear modulus (28 GPa), b
is the Burger’s vector (0.286 nm), d is the average
beryllium particle size, r, is the dislocation inner cut-
off radius (4b) and D is the average interparticle spac-
ing (1 um). The values utilized for d and D are typical
values based on microstructural observations. For
a polycrystalline fcc material, the projected yield
strength increase from the Orowan mechanism is
equal to 3 ..

The second mechanism to be considered is the
grain-boundary strengthening mechanism. In this
case, the strengthening increment, G, is calculated
to be

O = KD /2 (6)

where K is the Hall-Petch constant and D is the grain
size. In this case, K will be taken to be 0.0725 MPa
m'/? [8], while D, will be assumed to be equal to the
average interparticle spacing.

Finally, the strengthening increment, o4, resulting
from an increase in dislocation density owing to the
relaxation of thermal expansion mismatch stresses is
equal to [10]

ca=AGbp.* (7)

where A4 is a constant equal to 1.25 for aluminium [11]
and py, is the density of dislocation loops punched out
by particles of diameter d. Assuming full relaxation of
the mismatch owing to the difference of thermal ex-
pansion coefficients, Ao, for a temperature excursion,
AT [10]

_12,2A0AT YV,

Ptn = bd(l — Vp) ()

For Beralcast materials, we assume that Ao is
3.6 x107%°C~1 and a value for AT of 250°C [8].

For the materials under consideration here, the two
primary variables are the average particle size and the
average interparticle spacing. Based on microstruc-
tural observations, the average particle diameter is
50 um for Beralcast 363 and 15 pm for Beralcast 310.
The average particle spacing is 25 um for Beralcast
363 and 2 um for Beralcast 310.

A summary of the calculated strengthening in-
crements for each of the proposed dislocation-related
strengthening mechanisms is provided in Table IV for
both Beralcast materials. The results indicate the
microstructure of the casting alloy is too coarse to
result in appreciable strengthening from dislocation-
based mechanisms. This is consistent with the meas-
ured Beralcast 363 yield strength being similar to that
of its estimated in situ aluminium alloy matrix yield
strength.

TABLE IV Calculated strengthening increments for dislocation
based strengthening mechanisms

Casting alloy
Beralcast 363

Wrought alloy
Beralcast 310

(MPa) (10°psi) (MPa)  (10° ps.i.)
Orowan mechanism 2 0.3 20 29
Hall-Petch 15 2.1 51 7.4
Dislocation density 17 2.5 29 42
Total 34 4.9 100 14.5

For the wrought Beralcast 310 alloy, the baseline
matrix strength as estimated above is 117 MPa
(17 x 10® p.s.i.). The results in Table IV suggest that
dislocation-related strengthening mechanisms can
contribute an additional 100 MPa (14 x 10° p.si) to
the material yield strength, resulting in a net estimated
yield strength level of 217 MPa (31 x10° p.si). In
comparison, the experimentally determined yield
strength for Beralcast 310 is 297 MPa (43 x 10° p.s.i.).
These results suggest that additional strengthening
mechanisms are operative in this material.

4.4. Continuum mechanics-related
strengthening

The very high stiffness levels measured in the Beralcast
materials indicate that load transfer in this system
is effective. Therefore it is reasonable to consider
whether load transfer from the aluminium to the ber-
yllium can contribute to the observed strength level of
the Beralcast materials. For short fibre/whisker-rein-
forced composites, the composite yield strength, oy,
due to load transfer is [12]

oy = Gy [0.5V, (s +2) + (1 — V)] 9)

where ©,,, is the matrix yield strength and s is the
reinforcement aspect ratio.

For the Beralcast 363 material, the estimated in situ
aluminium alloy region yield strength is 180 MPa
(26 x 10° p.s.i.), but it is difficult to define an aspect
ratio for the dendritic beryllium structure. Thus, the
reinforcement shape assumptions inherent in Equa-
tion 8 may make it inappropriate for use to evaluate
the Beralcast 363 material. To provide at least some
indication of potential strengthening, it will be as-
sumed that the beryllium aspect ratio is 1. Substituting
an aspect ratio of 1 into Equation 8 results in a cal-
culated strength level of 1.36c,,. Thus, the net
strengthening increment is 65 MPa (9.4 x 10® p.s.i.)
using a value of 180 MPa (26 x 10° p.s.i.) for ,,,. This
result suggests that load transfer will not result in
a substantial strengthening increment for the Beral-
cast 363 material.

For the Beralcast 310 material, the reinforcement
aspect ratio is about 8 and the estimated in situ
aluminium alloy region yield strength is 217 MPa
(31 x 10° p.s.i.). Substituting these values into Equa-
tion 8 results in a calculated strength level of 850 MPa
(123 x 10 p.s.i.). This calculated value is much higher
than the observed value.
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Note, however, the inherent assumption in Equa-
tion 8 that the beryllium regions are sufficiently strong
to sustain the transferred load without yielding/frac-
turing. It is likely that the beryllium regions yield at
moderate stress levels such that the calculated yield
strength increment due to load transfer is not realized.
By way of comparison, the yield strength observed
for powder metallurgy based Be/Al material is about
545MPa (79 x10® p.s.i). However, the typical
diameter of the beryllium regions in the powder
metallurgy material is 3 um, compared to 15pum
for Beralcast 310. The much finer beryllium regions in
the powder metallurgy material have higher strength
relative to the beryllium regions of Beralcast 310, and
therefore realize a greater strength increment due to
load transfer prior to yielding/fracturing.

As a final comment, precise agreement between the
measured and calculated yield strength values would
be fortuitous because of the non-uniformity of the
Beralcast microstructure. However, the calculations
are very useful in terms of understanding the operative
strengthening mechanisms. To summarize, it appears
that strength of the Beralcast 363 casting alloy is
controlled to a large extent by the strength of its
aluminium alloy matrix. Limited additional strength-
ening occurs from the beryllium regions providing
dislocation-based strengthening or strengthening due
to load transfer. In contrast, the yield strength of the
wrought Beralcast 310 alloy is substantially higher
than that of its aluminium alloy matrix. Strengthening
increments from both dislocation-based mechanisms
and load transfer appear to be operative for this
material.

4.5. Description of the tensile sample
failure modes
Illustrations of the tensile fracture surfaces for cast
material are shown in Figs 6-9. The appearance of the
fracture surface for the cast material did not vary as
a function of temperature. The fracture surfaces of the
cast samples tend to have a relatively non-planar,
rough morphology. Examination of longitudinal sec-
tions through the fracture surfaces, as provided in
Figs 8 and 9, indicate that failure appears to be prefer-
entially located in the aluminium regions of the alloy.
Thus, failure appears to be controlled by failure of the
aluminium regions or the Be/Al interfacial regions
rather than the beryllium regions themselves. The
tendency of the crack to follow the aluminium and
Be/Al interfacial regions promote the non-planar
topography of the fracture surface. The higher
magnifications indicate that the aluminium regions
fail by ductile dimple fracture, while the beryllium
regions that do fail have a cleavage-type fracture.
For the extruded material fracture surfaces shown
in Figs 10 and 11, there is a gradual transition from
a planar fracture surface at room temperature to a
more undulating fracture surface at elevated temper-
ature. This difference in fracture surface morphology
is further illustrated by the longitudinal sections
through the fracture surfaces shown in Figs 12 and 13.
At room temperature, Figs 10 and 12 show that the
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crack tends to propagate through both the aluminium
and beryllium regions. The net result is a planar-type
fracture surface morphology. In contrast, the elevated-
temperature fracture surfaces shown in Figs 11 and 13
indicate that there is a tendency for preferential crack
propagation in the aluminium and Be/Al interfacial
regions. This latter effect tends to promote the
transition to a non-planar type fracture surface mor-
phology.

Finally, another feature should be noted in the
lower magnification photograph of Fig. 13. This
photograph shows a crack that has initiated at
the surface of the samples away from the primary
fracture surface. Multiple cracks were, in fact, ob-
served around the circumference of failed tensile
samples extending to distances of about 1 cm from
the primary fracture surface. This feature was ob-
served for only the higher ductility wrought product,
and was present at both room and elevated temper-
ature samples. This observation suggests that failure
tends to initiate from the machined surface of the
tensile samples.

4.6. Discussion of fatigue test results and
failure analysis

The R = 0.1, 232°C (450 °F) 107 fatigue life appears
to be approximately 172 MPa (25 x 10° p.s.i.) for the
wrought material and 69 MPa (10x 10° p.s.i.) for
the cast material. Unfortunately, data do not exist
on the fatigue properties of beryllium produced by
an ingot metallurgy route to allow for comparison.
For both of the materials tested, however, the failure
analysis does not indicate any obvious crack initia-
tion site such as an inclusion or casting pore. There-
fore, it is reasonable to assume that the materials are
achieving their inherent fatigue-strength capability.
The failure analysis also shows no evidence of stri-
ations as would be expected for controlled crack
growth during the fatigue test. Rather, the lack of
striations suggest that once a crack is initiated in the
Beralcast material, failure occurs very soon there-
after by a tensile overload-type mechanism. In fact,
for both materials, the appearance of the fatigue
fracture surface was very similar to that of the ten-
sile fracture surface at the same test temperature.
There was one difference, however, for the wrought
material, in that the fatigue specimens did not have
any surface cracks present away from the primary
fracture surface as reported above for the tensile
samples.

5. Conclusion

The Beralcast materials were shown to have very
high stiffness/density ratios relative to common
structural materials. Because beryllium is insoluble
in aluminium, discrete beryllium regions exist within
the aluminium alloy matrices of the alloys. The
net result is that the materials behave as discontinuous
beryllium reinforced aluminium matrix composites.
When the materials are treated as discontinuously
reinforced composites, the measured stiffness levels



can be readily explained using standard composite
theory. The wrought alloy was shown to have superior
fatigue strength, tensile strength and ductility
relative to the casting alloy, and also maintained
a greater fraction of its tensile strength as a function of
temperature.

The strength of the Beralcast 363 casting alloy is
controlled to a large extent by the strength of its
aluminium alloy matrix. Limited additional strength-
ening occurs from the beryllium regions contributing
to dislocation-based strengthening or strengthening
due to load transfer. In contrast, the yield strength of
the wrought Beralcast 310 alloy is substantially higher
than that of its aluminium alloy matrix. Strengthening
increments from both dislocation-based mechanisms
and load transfer appear to be operative for this
material.

Fracture analysis revealed that failure of the cast-
ing alloy appears to be controlled by failure of the
aluminium regions or the Be/Al interfacial regions
rather than the beryllium regions themselves. The
tendency of the crack to follow the aluminium and
Be/Al interfacial regions promotes a non-planar top-
ography of the fracture surface at room and elevated
temperature. In contrast, the crack tends to propagate
through both the aluminium and beryllium regions of
the wrought alloy at room temperature, resulting in
a planar-type fracture surface morphology. At elev-
ated temperature, there is a tendency for preferential
crack propagation in the aluminium and Be/Al inter-
facial regions and thus a transition to a non-planar
type fracture surface morphology. For both Beralcast
materials, the aluminium regions fail by ductile dimple
fracture, while the beryllium regions that do fail have
a cleavage-type fracture. Fracture analysis of fatigue
samples reveal no obvious fracture initiation sites
and no evidence of limited/controlled crack growth
regions.
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