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CRYQGENIC PROPERTIES OF ALUMINUM ALLOYS AND COMPOSITES
M. A HIlL, A D. Hollett. L A Jacobson. N R. Borch. W S. Gibbs.

. A Palterson. and D H. Canter. { os Alamos National Laboratory, Los Alamos, NM 87545

Saveral aluminum-basaed materials have been evaluated for possible appil-
cation at cryogenic temperatures. These included the Al-LI alloy 2090, a high
purity mechanically alloyed Al, SIC whisker reinforced Al 2124, and SIC par-
ticulate reinforced Al 6061. Mechanical properties, thermal properties and
electrical properties were measured for these materials. Their pertormance In

a radlo frequency cavity was also determined.

INTRODUCTION

Lightweight structural matenals have shown a great deal ot promise tor space-based accel-
erator applications (1) The BEAR project (Beam Lipenmen! Aboard a Hocket) employed a
copper coated 6061 aluminum accelerator. The aluminum alloy component weighed only 30%
ol a copper component with an equivalent volume. The specilic strength and specific modulus of
dluminum are aitso greater than those of copper. In this study tour aluminum-base matenals
were chosen as possibie candidate materals for a cryogenic space-based accelerator. These ma-
tenals were subjected to a vancety of mechamcal, electrizal, and thermal properly lesls, ds d
tunction of temperature, with ¢'mphasis on determining cryogenic behavior.

The AlLr alloy 2090 fiom Alcoa. was included because ol a ten percent dene ty reduction
compated 1o the alumimum alloys that had already been used tor buldding accelerators 1 was
Antcipated that s tranaport properties waould be somewhat less desuable than those of ~ome
ther alamunam alloys, but the waerght reduchion potential tught compensate  The possatality of

better thermal conduchvity, without sacahicing strength, prompted the inclusion ot Inco™s me



chanically alloyed pure alumirum, a dispersion strengthened unalloyed matnx. which should
retain high conductivity. Both of these aluminum-based matenals have the drawback ot large
thermal contraction on cooling 10 cryogenic temperatures

A major concern in the design and fabncation ot a cryogemic accelerator is the tuning ot the
machine and it is very well established that absolute dimensions of the cavity control this. A
change from copper-based materials to aluminum-based materials would significantly aggra-
vate this problem. However, i one adds SiC to aluminum as a reinforcement, the thermal con-
tfraction decreaces and at the 20 volume percent level, it is similar to that ot copper. For this
reason ACM's 20v/o SiC whisker reinforced 2124 Al and 6061+20v/0 SiC particulate trom

DWA were also chosen tor the maternals investigation.

EXPERIMENTAL METHODS

The method used to measure texture was the standard one of x-ray ditfraction where for each
d-spacing (e.g. that corresponding 1o {111] plane), the specimen is rotated in two directions to
obtain a distnbution of intensiies  The texture plots or pole tigures use a grily shading repre-
sentation. the greater the concentration of poles in a given direction, the darker the plot s at
that point. The gray scale given at the side ot each plot shows how each intensity level 1s related
10 a random level, 1 e. the intensity that would be obtained if no preferred onegntation were
present.

Llastic modulus, yield strength, percent elongation, and uihimate tensile strenglh were me.d
sured at room temperature for the tour alumimum matenals on an MTS 880 hydraulic testing
machine with a 345 MPa load capacity  The test samples waere taken parallel and perpendicular
1o the roling or extrusion direction i the plate stock that was obtauned tor each mateoal, with
the exception of the Al 5iC parbculate  Only tensile samples paallel to the extrason directhion

were avinlable for this matenal - Hamples were tested at a stean rate of 0 DH cmemin



Mechanicat testing at hquid helum temperatures MOK' and hquid nitrogen temperatures
. 779K was aone py the National Bureau of Stanoards n Boulder. Colorauu. A 100 kN screw
driven Instron machine was used (o pull the threaded end tensile samples at a strain rate of 0.05
cmemin

Thermal conductivity and electrical resistivily were tasted from -150°C to 0°C at the
Thermophysical Properties Laboratory al Purdue University using the Kohlrausch method (2).
Thermal conductivity vaiues are accurate 10 + 5% with the Kohlirausch method and the measured
quantities are traceable 1o NBG star.dards.

For the study of electrical performance and resonant frequency shift as a tunction of tem-
perature, a simple radio trequency cavity design was selected (3). Called a "pillbox”, this
component consists of three sections fastened together by two bolts. The cenler section incorpo-
rates a cylindrical cavity 1 9 cm in diameler and 1 3 cm in length. The desigh was chosen lor
our studies because ot the ease of fabnication and conservation of the somewhat scarce develop-
meatal matenals selected.

A useful quantily describing the etticiency of a test cavity 1s the Q, a measure of the sharp-
ness of resonance, gdefinad as

Q- 2r gleclromagnelic enerqy.
enerqy lost per cycle

In general, Q is roughly proportional to the volume divided by the surface area siice stored en-
erqy depends upon the volume while losses occur at wall surtaces  The "pil box™ 15 coupled to a
rachio trequency system thus losses not only occur at the walls . but also in the system, 50 enerqy
[ass s greater, and the Q leds than tor g tolally enclosed cavity  (The Q for a tolally enclosed
cavity 15 called the anloaded Q and s only dependent upon wall losses, whereas the loaded O takes
into account wall and system losses ) Coupling s accomphshed by two diametncally opposed

holes m the cavity wall - The "pill box™ 15 subjected to radiio frequency signals at tempaoeratutes



ranging from 12%K 1o 298% The 'pill box ' cavities are designed to resonaie at 22 GHz.

RESULTS AND DiSCUSSION

Texture results, shown in Figure 1. revealed the degree of preterred orientation in the four
aluminum materials. The Al-Li1 2090 alloy exhibited a strong rolling texture, and even here
the anisolropy woulz be hmited by the inherently high symmetry of the cubic crystal structure
and the nearly isotropic nalure ol aluminum (single crystal) itselt. A fiber texture was found
in the mechanically alloyed aluminum. One very interesting result was that the SiC whisker
reintorcement 1n the 2124 Al was more strongly textured than was the matrix. More work
will be required on this point but 1t 1S poscible that this texturing ot the reinforcement might
affect at least the elasiic anisotropy of the ccmposite. The SiC in the particulate reintorced alu-
minum displays a weak texlure. alihough there is slight prelerence for aligninent in the <111>
direction with the rolling direction as i1n the whisker reinforced material.

Room temperature mechanical test resulls revealed that only the 2124 aluminum with 20%
$:C whisker reintorcement showed significant directionai dependence in terms of elastic modu-
lus, 121 GPa in the extrusion direction and 100 GPa 90° to the extrusion direction. The exist:
¢nce ol a preferential ahgnment ¢f the SiC whiskers was contirmed through texture measure-
ments and metallography. 1he dilference n vield strength for the two SiC reinforced matenals
was altributed to the dilterence 1n aluminum matrices. the whisker reintorced matenal had a
2124 Al matnix whiie the matnx for the particulate reantorced matendl was €061 Al The
valurs tor the other matetais are consistent with the expected etlect of ithwm, which s to
rome the elastic modulus of Glummum, and tor pure alumimum. wiuch 1s the matax for the me
chancally alloyed matenal  The remtorcing phases i this Latter matenal clearly have no el
tect on the ¢lastic modulus  Shigmticant onentation effects were tound v the Al L and the me

chamcally alloyed aduminum with regard to the ductiity, measured as percent elongation  1he



parcent elongation in the rotling direction of the Al-Li was 11 15 and 5.12 in the transverse
direction. In the extrusion direction of the mechanically alloyed aluminum, the percent elonga-
tion was 7.14 and in the transverse direction, 2.36. Again these oriantation effects were con-
firmed by texture measurements.

Cryogenic test results compare with those published in literature (4). Cryogenic tensile test
results shown in Figure 2 for the four aluminum materials reveal that the ultimate strength
increases with a decrease in temperature. The UTS more thar: doubles for the mechanically al-
loyed aluminum tested at 4%K as compared 1o room temperature (290°K). Yield strength values
also increased as temperature decreased. Laltice defects producing significant stress fields ex-
tending over only a few alomic distances conslilute the strong temperalure dependent contribu-
lion to the strength of a maternial. These laltice delects include interstitials, vacancies, solute
atoms, and dislocations perpendicular to the slip plane. The thermal contribution ducreases as
lemperature is increased due to thermal activation, obstacles to detormation can be overcome
with inc, ased thermal energy.

The Al-Li fractures at room temperature and cryogenic temperatures are similar as thoy
both extibit ductile dimples. However, at cryogenic temperatures the Al-Li also displays evi-
dence of brittle or fiat tracture and delarmnation along the longitudinal direction. The appear-
ance of gas bubbles was noted in the mechanically alloyed aluminum fractures. Fractures at
both room and cryogenic iemperatures exhibited ductile dimples. At cryogenic temperatures
evidence of transqgranular cracking was found 1in the mechamcaily alloyed alumimum. The frac
tures of the Al with 20°% $5iC whisher reintorcement showed some evidence of wiusker pullout
The room anrd cryogenic samples displayed a teanng faidure mode with some secondary cracking,
the cracking wias most apparent in the cryogenic sample  The aluninum with 20% SiC particu
lale, room and cryogemic samples, showed a combination of ductile dimplas and teasing

tlectnical resistivity and thermal conductivily resulls are plotled as a function of tempera



ture n tigures 3 and 4. respectively. Of the four aluminum materials, all exnibited a decrease
in electrical resistivity and thermal conductivity as the temperature decreasec The mechani-
cally alloyed aluminum hAad the lowest electrical resistivity of the four materials and was one of
the most thermally conguctive, making it the most desirable of the four maternals for an accel-
erator cavity material in terms of thermophysical ;;ropenies.

The resonant frequency shill ot the “pill box" cavity with temperature change is directly
related to the cavity geometry. A plotl of resonant frequency change as a function ot temperature
shown in figure 5 demonstrates the thermal coeflicient of expansion of the cavity materials. Of
the four aluminum matenials tested, only the mechanically alloyed aluminum and 6061 Al with
SiC particulate had a lower coelticient of thermal expainsion than the copper. The coetficiant for
thermal expansion of the copper as compared wiih the SiC reinforced aiuminum differs over the
temperalure range from 20K 10 299%K. These materials were chosen for their match in ther-
mal expansion with that of copper.

"Q" values were measured for OFE copper and the various aluminum materials. Resulis are
shown in Figure 6. As anlicipated "Q" values were greatest for the OFE copper. A somewhal
disturbing result is that the "Q" valves associated with the aluminum cavities were only a lit-
tle less than haif of the OFE copper. Il any of these matenals is 1o be used for an accelerator
cavity, it will tirst have to be copper plated to take advantage of the electrical properties asso-

cialed with copper.

CONCLUSIONS

The tour alummnum mitenals were charactenzed in terms ol mechanical, electncal, and
thermal properties. The following conclusions were derived trom this study
1 The amsotropy of room femperature mechamcal properties data was confirmed by the use ol

loxture measurements



2. Yield strengths and tensile strengths increased with decreasing temperature.

3. Of the four maternials examined. the mechanically alioyed aluminum had the best thermo-
physical properties in terms of cryogenic accelerator applications (high thermal conductivity,
low electrical resistivity, and smalil coeflicient of ther.nal expansion).

4. "Q” values were less than haif that of copper:These materials should be copper plated if
chosen for use in an accelerator cavity.

5. Resonant fraquency recults revealed a deviation in coetficient of lhermal expansion for the

copper and Al-SiC reinforced materials.
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Figure 1. Texture results in the 111 plane for a) Al-Li alloy 2090, b) me-
chanically alloyed aluminum, (c) Al 2124 in Al-SiC, and d) SiC whiskers in

Al-SiC .

Figure 2. The ultimate tensile strength as a function of temperature for

the four aluminum materials.

Figure 3. Electrical resistivity as a function of temperature

Figure 4. Thermal conductivity as a function of temperature.

Figure 5. "Q" values as a function of temperature compared with OFE

copper.

Figure 6. Percent change in resonant frequency as a function of tempera-

ture.
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Unloaded "Q" as a Function of Temperature
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