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Abstract Masks are critical elements of synchrotron
radiation front end that are exposed to high temperature
and stress. The absorber material is typically comprised of
dispersion-strengthened copper, which can retain high
performance at elevated temperature. Joining processes
under vacuum, including brazing and electron beam
welding, are novel approaches for prolonging the absorber
and for reducing power densities. The mechanical proper-
ties of brazed joints and electron beam welded joints of
dispersion-strengthened copper workpieces are evaluated
by tensile testing at 20, 100, and 200 °C. The testing results
indicate that the tensile strength and elongation of both
vacuum joints decrease with increasing temperature.
Compared to brazed joints, electron beam welded joints
have higher tensile strength, better ductility, and more
stable performance. A novel welded mask with a total
length of 600 mm is presented and shown to be practical
for use in the highest heat load front end in the Shanghai
synchrotron radiation facility phase-II beamline project.
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1 Introduction

The Shanghai synchrotron radiation facility (SSRF) is
an advanced third generation synchrotron light source
with a 3.5-GeV electron storage ring and a designed
beam current of 300 mA [1, 2]. Insertion devices,
including undulators and wigglers, are always employed
to generate high-quality synchrotron radiation. The
power of an insertion device is up to several tens of
kilowatts, and its peak power density can reach about
100 kW/mrad®. The front end, which is an ultrahigh
vacuum system following the electron storage ring, is
primarily designed to handle the high heat load from the
bending magnets or insertion devices. Masks are directly
responsible for beam collimation and to protect the
system from mis-steered beams, and are therefore criti-
cal elements of the front end that are directly exposed to
high temperature and stress [3-5]. The absorbers of
masks are generally comprised of dispersion-strength-
ened copper (DSC) at the SSRF, in addition to many
other synchrotron radiation facilities, such as SPring-8,
whose power and peak power density in the BLO§ W
beamline front end are 24.4 kW and 191 kW/mradz,
respectively. Joining processes conducted under vac-
uum, including brazing and electron beam welding
(EBW), are novel approaches for prolonging the life of
the absorber and for reducing power densities.

DSC has been developed in recent years as an engi-
neering material with excellent thermal conductivity,
strength retention, and microstructural stability at elevated
temperatures, and is widely applied in fields such as
aerospace, electronics, mechanics, and synchrotron radia-
tion [6-9]. The mechanical properties of DSC have been
extensively studied [10-13]. In addition, the performance
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E‘I‘i’g‘éo; ilgj‘;aaln%rzz‘;rg‘frf_ of " Physical properties GlidCop AL-15 OFHC
free high-conductivity copper Melting point (°C) 1083 1083
(OFHC) at 20 °C . 3
Density (g/cm”) 8.9 8.9
Coefficient of thermal expansion (m/(m °C)) 16.6 17.7
Thermal conductivity (W/(mm °C)) 0.365 0.391
Young’s modulus (GPa) 130 115
Poisson’s ratio 0.326 0.323
Softening point (°C) 800 150

of brazed joints formed between DSC and other alloys have
also been studied [14-17].

A DSC material, denoted as GlidCop AL-15 obtained
from North American Hoganas High Alloys, is utilized in
the SSRF phase-I front end, and was therefore selected in
the present study to fabricate joint samples by means of
vacuum brazing and vacuum EBW for tensile testing to
meet the project requirements for the front end of the SSRF
phase-II beamline project. The mechanical properties of
the vacuum joint samples were evaluated by tensile testing
at 20, 100, and 200 °C. A novel welded design for a high
heat load mask is also presented, and the equivalent stress
and strain on the EBW joint of the mask are much lower
than the tensile testing results of EBW joints, which pro-
vide important guidance for its practical application.

2 Experimental procedures
2.1 Materials and procedures

GlidCop AL-15 is a type of Al,0; DSC that is com-
prised of a pure copper matrix with a small amount
(0.13-0.17 wt%) of extremely fine particles of Al,O;
(3—12 nm in diameter) dispersed throughout the matrix.
The tensile strengths and elongations of this material at 20,
100, and 200 °C are, respectively, 420, 380, and 330 MPa
and 27, 25, and 21 %. Table 1 lists the physical properties
of GlidCop AL-15 and oxygen-free high-conductivity
copper (OFHC) at 20 °C [18].

Vacuum brazing is commonly employed in vacuum
systems owing to benefits such as small welding defor-
mation and smooth joints [19]. A silver-based filler metal
comprised of 74 % Ag and 26 % Cu was employed to join
two GlidCop AL-15 workpieces using an L2116 double
station furnace. The brazing was conducted at a heating
rate of 10 °C/min and a brazing temperature of 800 °C
with a holding time of 30 min followed by cooling in the
furnace.

EBW is a fusion welding process conducted under
vacuum, and provides high energy density, low heat input,
and a rapid cooling rate [19, 20]. A WG-DZW-C electron

@ Springer

beam welder was employed for joining two GlidCop AL-
15 workpieces at a pressure of 1072 Pa. A 60-kV voltage
and a 50-mA beam current were precisely controlled to
produce a beam of high-velocity electrons, resulting in a
welding speed of 20 mm/s.

After welding, the tensile samples were machined
according to GB/T 2651-2008 specifications (ISO 4136:
2001, IDT), as shown in Fig. 1. Tensile tests at room
temperature were conducted using a DDL300 electronic
universal testing machine based on GB/T 228.1-2010
specifications (ISO 6892-1: 2009, MOD), and a CSS-1120
electronic universal testing machine was employed for
testing at elevated temperatures adopting GB/T 4338-2006
specifications (ISO 783: 1999, MOD).

2.2 Testing results on brazed joints

A total of 15 brazed joint tensile samples were separated
into three groups randomly, and the mechanical properties
at the three different temperatures were obtained. The
results are listed in Table 2, where A is the elongation after
fracture, R,, is the tensile strength, R is the mean of R,,, and

Ry = />0 (Ri=R)*/4 (i = 1-5), is the standard devia-
tion of R,, obtained by the Bessel formula. The fracture
surfaces of all samples coincided with the joints.

As is shown in Table 2, none of the brazed joints
underwent a yielding process, demonstrating that the
brazed joints have very poor ductility. From the R values,
we see that the tensile strength decreased with increasing
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Fig. 1 Schematic of the machined tensile sample (unit: mm)
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Table 2 Mechanical properties

R,, (MPa)

R, R, R; Ry Rs

=i
&

of the brazed joint samples Test temperature (°C) A %)
20 0
100 0
200 0

154 216 214 245 248 215 37.7
120 181 173 235 224 187 45.8
177 150 126 200 197 170 31.6

temperature. Meanwhile, the tensile strength exhibits con-
siderable variation at a given temperature with a maximum
difference between sample values of 115 MPa and a
maximum R, of 45.8 MPa for samples tested at 100 °C,
indicating that the brazed joints have low stability, and are
not recommended for applications requiring high strength.

2.3 Testing results on EBW joints

As was conducted for brazed joints in Subsection 2.2,
the mechanical properties of 15 EBW tensile samples were
evaluated at the three different temperatures. The elonga-
tion and tensile strength results are listed in Tables 3 and 4,
respectively, where A is the mean of the elongation, and A,
is the standard deviation of A. The fracture surfaces of all
samples also coincided with the joints.

All EBW joints underwent yielding processes with good
consistency, demonstrating that EBW joints have some
ductility. The tensile strength decreased with increasing
temperature. Meanwhile, the tensile strength varies little at
a given temperature with a maximum difference between
values of 17 MPa and a maximum R, of 6.4 MPa for
samples tested at 100 °C, indicating that the EBW joints
have high stability.

Table 3 Elongation of EBW joint samples

Test temperature (°C) A (%)

As A7 Ay Ay Ap A Ag
20 87 89 79 56 54 1713 1.7
100 60 62 80 80 58 68 1.1
200 6.1 56 53 62 48 56 06

Table 4 Tensile strength of EBW joint samples

Test temperature (°C) R, (MPa)

Re R; Rg Ry Rio R Ry

20 244 239 241 242 235 240 32
100 208 215 198 213 206 208 6.4
200 179 179 176 179 173 177 28

2.4 Vacuum joints versus GlidCop AL-15

The vacuum joint samples exhibited diminished
mechanical properties relative to those of the GlidCop AL-
15 base metal, as shown in Fig. 2. The tensile strength of
brazed joints is only half that of the base metal and about
55 % for EBW joints. While the elongation of brazed joints
approaches 0, the elongation of EBW joints is approxi-
mately 27 % that of GlidCop AL-15. The trends by which
the mechanical properties of both joints change with
changing temperature are consistent with the trend of the
base metal.

3 Applications

A superconducting wiggler, serving as the source for the
ultra-hard X-ray applications beamline at the SSRF, has an
intensive power of over 43.3 kW and a peak power density
of 45 W/mrad®. Overlapping the radiation from upstream
and downstream bending magnets, the total power will
reach 44.7 kW, which results in the highest heat load for an
SSRF phase-II beamline front end. Three fixed masks,
whose absorbers are comprised of GlidCop AL-15, are
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Fig. 2 Mechanical properties of vacuum joints versus the GlidCop
AL-15 base metal
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Fig. 3 Cross sections of a
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located in sequence to handle this radiation. Figure 3a
presents a cross section of a standard mask employed in an
SSRF phase-I front end, which is comprised of a single
absorber with a total length of about 300 mm. Figure 3b
presents a cross section of a novel mask comprised of two
sub-absorbers welded to each other by EBW, and a total
length of about 600 mm. Ultrahigh vacuum exists inside all
masks with ambient atmosphere outside.

Finite element analysis of the mask illustrated in Fig. 3b
was conducted by ANSYS [20], which indicated that the
highest temperature on the joint is 32.5 °C, and the maxi-
mum equivalent stress and strain are, respectively,
12.9 MPa and 0.118 %. While the tensile strength and
elongation of an EBW joint at 32.5 °C can be determined
to be 230.9 MPa and 1.6 %, respectively, by the interpo-
lation method based on the testing results for EBW joint,
these results lie far beyond the simulated stress and strain
by ANSYS on the joint.

4 Conclusion

The mechanical properties of brazed joints and EBW
joints formed from GlidCop AL-15 workpieces, which is
a standard material utilized in the SSRF front end, were
evaluated by tensile tests conducted at 20, 100, and
200 °C. The testing results showed that in comparison
with the base metal, the tensile strength of both vacuum
joints was reduced by nearly half and the elongation
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EBW Joint

100 mm

reduced by 73 % or more. Compared to brazed joints,
EBW joints demonstrated higher tensile strength, better
ductility, and more stable performance. In practical
engineering applications, vacuum joints are subjected to
low stress and strain when not directly in the path of high
power radiation. Therefore, EBW joints entirely satisfy
the practical requirements. The brazed joints would be
applicable in the front end as well only if welding
parameters improved the ductility and stability of the
resulting joints.
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