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Abstract

We report the magnetic susceptibility of several commercial purity and high purity grade Be—Cu-based alloys. Comparison of
Curie constants with the results of chemical assay suggests that Co and Ni alloying additions form non-magnetic beryllides
distributed uniformly throughout the material. Consequently, the magnetic properties of the Be—Cu alloys are found to be

dominated by trace impurities such as Fe and Cr.
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1. Introduction

There is much interest in identifying high strength
non-magnetic alloys for use at low temperatures. A
typical example is coil forms for large superconducting
magnets such as those used in nuclear magnetic
resonance, superconducting quantum interference de-
vice (SQUID) magnetometers and magnetic reso-
nance imaging scanners. Another use is magnetic
sensor housings such as those used in oil well bore
hole magnetometers to measure variations in the
Earth’s magnetic field. Materials with small magnetic
susceptibilities are required to ensure a uniform mag-
netic field and maximum field penetration. We are
developing a high pressure clamp for measuring mag-
netic susceptibility as a function of pressure. A major
design consideration is the minimization of the tem-
perature-dependent background susceptibility from
the clamp itself, which can be expected to limit the
ultimate precision of the measurement [1]. At the
same time, we require the clamp body to be made of a
high strength material, as it must contain pressures as
large as 20kbar. Since high strength steels are all
unacceptably ferromagnetic, binary Be—Cu alloys are
often used for this type of application. Although these
alloys are not ferromagnetic, their magnetic suscep-
tibility is still large, with a temperature dependence
which complicates sensitive magnetic measurements
[1,2]. Several commercial purity Be—Cu-based alloys
are available, differing by heat treatment and by
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whether Co or Ni is used to limit grain growth. The
most widely used is C17200, which contains 0.2 wt.%
Co, and achieves an ultimate tensile strength of
1310 MPa, ~90% that of a high strength steel. Since
the magnetic susceptibility of the binary Be—Cu alloy
is much smaller than that of C17200 {1], it has been
proposed that the low temperature susceptibility of the
latter originates from the Co grain-precipitating agent
and might consequently be reduced, albeit at the
expense of alloy strength [1]. In addition, room-tem-
perature studies of the relative permeability of Be—Cu
alloys show a strong dependence of the permeability
on Fe concentration [3]. This is significant because, in
addition to Co, commercial purity alloy specifications
allow other potentially magnetic ions such as Fe and
Ni in total concentrations of up to 0.4wt.% [4],
although this limit is in actuality seldom approached.
To separate the individual contributions to the suscep-
tibility from the Co and from Fe and Ni we have
measured the magnetic susceptibility of several high
purity and commercial purity alloys of Be—Cu-X (X =
Co or Ni). We mean by “high purity” that the total
concentration of Cr, Fe and either Ni or Co is less
than 0.01 wt.%. Comparison of the magnetic prop-
erties of the alloys with their chemical compositions
enables us to determine the origins of their magnetic
responses and perhaps suggest compositional changes
to optimize strength and to minimize susceptibility.
The physical and chemical properties of the alloys
studied are summarized in Table 1. C17200 is the
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Table 1

The weight percentages of Be, Co, Cr, Fe and Ni in the Be—Cu alloys as determined by chemical assay and the ultimate tensile strengths (UTS)
Alloy Amount (Wt.%) UTS [3]

(MPa)
Be Co(x10 %) Cr(x10 %) Fe (X10 7) Ni(x1077)

Be-Cu (high purity) 1.9 <01 1.0 0.5 0.4 720
Be-Cu-Co, C17200 (high purity) 1.9 23 1.0 0.6 0.4 1310
Be-Cu-Co, C17200 (commercial purity) 1.9 20 3.0 10 5.0 1310
Be-Cu-~Co, C17000 (commercial purity) 1.7 21 4.0 13 7.0 1240
Be-Cu-Ni, C17510 (high purity) 0.4 0.2 0.6 0.3 195 760

strongest commercial purity alloy (of composition:
19wt.% Be and 0.20wt.% Co, with impurities:
0.1wt.% Fe, 0.05Swt.% Ni and 0.003wt.% Cr), but
substantial Fe and Co concentrations imply a poten-
tially large magnetic susceptibility. To isolate the
magnetic contribution of the Co we have measured a
sample of high purity C17200 (of composition:
19wt.% Be, and 0.23wt.% Co, with impurities
0.006 wt.% Fe, 0.004 wt.% Ni and 0.001 wt.% Cr).
Here, special precautions are taken to exclude im-
purities with the result that the Fe and Ni impurity
levels are much reduced, compared with those in the
commercial purity alloys. As an independent measure
of the Co magnetization, we have also measured high
purity C17510, a Be-Cu-Ni alloy (of composition
04wt% Be and 195wt.% Ni, with impurities
0.002 wt.% Co, 0.003 wt.% Fe and 0.0006 wt.% Cr), in
which the Co has been replaced by Ni. Finally, while
enhanced grain size greatly reduces its ultimate
strength we include high purity binary Be-Cu (of
composition 1.9wt.% Be with impurities less than
0.0005 wt.% Co, 0.005wt.% Fe, 0.004 wt.% Ni and
0.001 wt.% Cr) to provide a baseline for the nominal
non-magnetic bulk contribution from the alloy.

2. Sample preparation and measurement

Two samples of each alloy were cut from the
interiors of coid-rolled precipitation-hardened plate
using an electrical discharge machine: one to be
chemically assayed and one for microprobe, magneti-
zation and micrography measurements. Prior to any
measurements all samples were etched with an aque-
ous solution of 25% sulfuric acid and 5% hydrogen
peroxide at 50°C to remove any brass deposited on the
sample by the brass electrode used in the machining
operation. One face of each sample used in the
magnetization study was polished to a 0.3 pm finish for
microprobe analysis. The polished face was etched
with ammonium persulfate hydroxide and wiped with
a solution consisting of potassium dichromate in both
sulfuric and hydrochloric acid to delineate the grain
boundaries for optical and electron micrography as
described in [4].

Magnetization was measured in a Quantum Design
SQUID magnetometer using a 1T field at tempera-
tures from 300 to 4.7 K. Electron microprobe analysis
was carried out in a Cambax electron microbeam
analyzer using both 1 um and 3 pm diameter electron
beams. Chemical assay was performed by dissolving
samples of each alloy in nitric acid and analyzing the
solution using a Perkin-Elmer model 1100B atomic
absorption spectrometer.

3. Results

Fig. 1 shows the magnetic susceptibility y as a
tfunction of temperature of all five alloys between 4.75
and 300K, measured in a 1T field. For all the alloys
except commercial purity C17200, x(T) is well de-
scribed by a Curie-Weiss law for temperatures be-
tween 4.75 and 300 K:

(1)

where x, is the temperature-independent part of the
susceptibility, C is the Curie constant and @ is the
Curie—Weiss temperature. C, ® and y, are summa-
rized for each alloy in Table 2. Comparison of the
temperature-independent susceptibilities in Table 2
reveals that the x, values are very similar for the three
high purity alloys Be-Cu, Be-Cu-Co and Be—-Cu-Ni,
but approximately two orders of magnitude smaller
than either commercial purity alloy. We observed that
the susceptibility of the commercial purity C17000
alloy, which has little or no B8 phase Be—Cu, is always
less than that of the commercial purity C17200 alloy,
which does contain the 8 phase. This is consistent with
findings of previous workers [3] who suggested that
the B phase enhanced the permeability of Fe-con-
taining Be—-Cu alloys, although their measurements
were only at room temperature. The Curie constants
can be extracted from the slopes of the lines in Fig. 2
which plots (y — x,) ' as a function of temperature
between 4.75 and 300 K. Fig. 2(b) shows that the
susceptibility of commercial purity C17200 cannot be
described by a simple Curie-Weiss law above 50K,
suggesting that more than one magnetic species is

C
X(T) = Xeurie T X0 = T — @+X0
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Fig. 1. The magnetic susceptibility y as a function of temperature for (a) the high purity Be-Cu alloys (@, Be-Cu-Co, C17200; B, Be-Cu; A,
Be-Cu-Ni C17510(1a)) and (b) the commercial purity Be—Cu alloys (®, Be—Cu—Co, C17200; B, Be—Cu-Co, C17000(1b)).

Table 2

The weight percentages of Co’*, Cr’*, Fe** and Ni’** predicted to be present in the Be—-Cu alloys from their Curie constants; the Curie
p 4 p p Y
constants C, Curie temperatures ., and temperature-independent parts of the magnetic susceptibility y, are also given

Alloy Amount (wt.%) C Xo o8
- - - - (x107emuKg™') (X10*emug™) (K)
Co*” Cr* Fe'' Ni**
(X107 (X107 (x107%) (x107%)
Be-Cu (high purity) 11 1.0 07 0.25 55 -81 -2.0
Be—Cu-Co, C17200 (high purity) 13 12 0.8 0.30 6.4 ~7.6 -22
Be-~Cu-Co, C17200 (commercial purity) 9.1 8.0 5.7 2.0 44 430 =37
Be-Cu-Co, C17000 (commercial purity)  39.0 35.0 25.0 8.8 190 -12 -5.0
Be—Cu-Ni, C17510 (high purity) 1.7 15 1.0 0.37 7.8 -5.8 -5.8
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Fig. 2. The inverse of the temperature-dependent magnetic susceptibility (x — x,)”' as a function of temperature for (a) the high purity Be-Cu
alloys (@, Be—Cu-Co, C17200; B, Be—Cu; A, Be—Cu-Ni, C17510(2a)) and (b) the commercial purity Be~Cu alloys (®, Be—Cu-Co, C17200; W,

Be—-Cu-Co C170000(2b)).

present. As with the temperature-independent suscep-
tibility, the Curie constants are approximately two
orders of magnitude smaller for the three high purity
alloys Be—Cu, Be—-Cu-Co and Be-Cu-Ni than for

either commercial purity alloy. We conclude that, since
the high purity alloys have very similar magnetic
properties, C17200 should be chosen for its high
strength. The commercial purity alloys should be
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avoided for any application where magnetic inertness
is required.

The volume concentration N/V of a system of
interacting magnetic moments with effective magneton
number p can be determined from the value of the
Curie constant:

AN _mp” € @
Xewic "3V gk (T-0) T-0

Restricting our discussion here to the high purity
alloys, we can develop an understanding of the mag-
netization of these alloys by comparing the moment
concentration extracted from the Curie constant with
the results of the chemical assay, listed in Table 1.
With the possible exception of trace impurities such as
Cr, the assay results prove that there can be a
concentration of potentially magnetic species such as
Co, Fe, and Ni as much as an order of magnitude
higher than the Curie constants imply, indicating that
the effective magnetic moments of the Co, Ni and Fe
ions are much smaller than the full ionic moment for
each species.

4. Discussion

We hypothesize that the absence of a ferromagnetic
response from the Co in the Be—Cu-Co alloys results
from the presence of paramagnetic Co beryllides. Co
is completely immiscible in Cu [5] and one consequent
scenario is macroscopic phase separation between Co
and Be-Cu in the bulk. However, measurements of
the magnetic susceptibility rule out this possibility
because there is no evidence of ferromagnetic ordering
which would signal the presence of bulk Co. We argue
instead that the Co is incorporated into Co beryllides
in the Be-Cu-Co melt [4] and further that this
beryllide is paramagnetic. The effective moment per
Co atom in high purity C17200 is 0.36u,, a factor of 13
smaller than that of the full ionic Co moment, which is
4.8u, [6]. However, the Be—Co system is a metallic
host for Co moments and, more significantly, the Co
moment is reduced by the formation of covalent
bonds.

It is known that both the binary series Be,_ Co,
and Be,  Ni, are paramagnetic for x <0.5 [7] and we
infer from the observed non-magnétic character of the
Co in the Be-Cu-Co alloys and of the Ni in the
Be—Cu-Ni alloy that the Co and Ni beryllides in these
alloys are Be rich relative to the bulk Be concen-
tration. This implies that the Co and Ni may be
localized in Be-rich regions.

We have identified these hypothesized Be-rich re-
gions optically and present optical micrographs of the
high purity alloys in Fig. 3. In the micrographs of alloy

Fig. 3. Optical micrographs of the high purity Be—Cu alloys, namely
binary Be-Cu (3a), Be-Cu-Co (C17200(3b)) and Be-Cu-Ni
(C17510(3c)).

C17200 (Fig. 3(b)) and C17510 (Fig. 3(c)) the Be-rich
regions appear as uniformly dispersed dark spots and
are indicated by arrows. Those in the micrograph of
alloy C17200 have an average dimension of about
1 wm or smaller and are thought to be Co beryllides
[4]. The dark spots in the micrograph of atloy C17510,
which have an average dimension of about 5-10 um,
have been investigated by electron microbeam analysis
[8] and are thought to be Ni beryllides. The binary
Be-Cu exhibits the effects of unrestrained grain
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growth with grains of average dimension about 100-
400 pm (Fig. 3(a)). In contrast, both alloy C17200 (Fig.
3(b)) and C17510 (Fig. 3(c)) exhibit a finer grain
structure. As expected the stronger alloy C17200 has
the finer grains, ranging in dimension from 5 to 50 wm,
while C17510 has a grain size of about 10-100 pm.
We have directly imaged the inhomogeneous Co
distribution in high purity C17200 using electron
microprobe analysis of a single grain. The etchants
used for optical micrography provide sufficient con-
trast to detect grain boundaries with a scanning
electron microscope, as shown in Fig. 4. The electron
microprobe can then be used to determine the spatial
distribution of Co within a grain, provided that a
sufficiently small beam diameter is used. In our case,
the beam diameter, including spreading in the sample,
was about 2 um. The results of several linear scans
across the central grain in Fig. 4 using 3 pm steps are
presented in Fig. 5. The area of the points in this
image is proportional to the local Co concentration,
which ranges from the detection limit of about
0.05 wt.% to 3 wt.%. Regions of high Co concentration
are uniformly distributed in this scan and are sepa-
rated from one another by a length scale on the order
of 10 um. The Co concentration found in the electron
microprobe scans shown in Fig. 5 ranged from an
order of magnitude larger than to an order of mag-
nitude smaller than the concentration determined by
chemical assay. Taken together, the spatial non-uni-
formity of the Co concentration and the lack of
ferromagnetic order support our proposal that the Co
is primarily in the form of localized Be-rich Co
beryllides. The fact that the maximum Co concen-
tration observed, 3 wt.%, is much smaller than the
50 wt.% level of bulk BeCo indicates that the electron
beam must be sampling a volume which contains both
Co and Cu beryllides. The Co beryllide particles must

Fig. 4. Scanning electron micrograph of high purity Be-Cu-Co
(C17200).

Q@ :wi%ce
® 1wt%Co

¢  03wt.%Co
0.06 wt.% Co

Fig. 5. A 30 um X 45 pm raster image of the local Co concentration
in a single grain of high purity Be—Cu-Co (C17200), determined by
electron microprobe analysis. As indicated, the area of each symbol
is proportional to Co concentration at that point. The full line
indicates the grain boundary. The grain imaged is the central grain
in Fig. 4.

then be smaller than the 1.5 pm penetration depth of
the electron beam.

We reach identical conclusions for the Be—Cu-Ni
(C17510 alloy) because a similar study of the Ni
concentration in C17510 [8] found localized Ni con-
centrations in this alloy as well.

In all the alloys that we studied, chemical assay
reveals the presence of Fe and Cr impurities which
could also form magnetic phases. Arguments similar to
that used for Co apply to both of these elements, i.e.
they are both immiscible [9,10] in Cu and form
beryllides [7,11]. Table 1 and Table 2 reveal that Fe
has a substantially reduced moment in both the high
purity and the commercial purity Be-Cu alloys, since
its full ionic moment is never reflected in the Curie
constant, regardless of the overall Fe concentration.
Since we have not observed either ferromagnetic
ordering below room temperature or non-linearity in
the field dependence of the magnetization at 5K we
can further constrain the beryllides not to include
FeBe,, FeBe; and CrBe,,, as these compounds are
ferromagnetic and have Curie temperatures of 912 K,
75K [7] and 50K [11] respectively. Again, the greatly
reduced Fe and Ni moments argues for localized Be-
rich Fe and Ni beryllides. Finally, since the Curie
constant in the high purity alloys is insensitive to the
presence of Co or Ni, we conclude that trace im-
purities such as Fe or Cr dominate the magnetic
properties in all cases.

The above arguments show that the magnetic prop-
erties, i.e. the Curie constants, of any of the Be-Cu
alloys are not correlated with the concentrations of Co
or Ni added as precipitating agents. We conclude that
the magnetic properties are in every case dominated
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by trace magnetic impurities, which might be avoided
with special processing procedures. The prospects for
a magnetically neutral, high strength Be—Cu-based
alloy are consequently very positive.
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