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Abstract. The paper presents the results of theoretical and experimental studies regarding the quality of diffusion welding of the beryl-
lium—copper composite. Numerical investigations of the parameters of heterodiffusion of diffusants and the thickness of the Be-Cu
pair welded joint under varying temperature-time conditions were conducted. The analytical examinations revealed that the thickness
of the diffusion weld at the Be—Cu joint varies between 26 and 345 pm, with the temperature increasing from 800 to 1000 °C and
the holding time ranging from 20 to 120 min. The calculated layer thickness during the diffusion welding of a Be—Cu pair at 800 °C
for 2 h is 65 um, with 15 um on the beryllium side and 50 pm on the copper side. Notably, a CuBe, intermetallic compound zone
can form in the diffusion weld, which should be considered an adverse factor that reduces the mechanical properties. To theoreti-
cally substantiate the modification of the structure and properties of the diffusion zone, a numerical study of welding was carried out
using a 10 um thick nickel foil spacer, which is readily soluble in beryllium. It was demonstrated that after exposure to temperature-
time conditions at 900 °C for 20 min, a 50 um wide diffusion-bonded joint is formed. Its structure includes two single-phase zones
of solid solutions based on copper and beryllium, as well as two two-phase regions consisting of solid solutions hardened with
intermetallic compounds. Since the weld lacks structural zones consisting solely of intermetallic compounds (unlike when welding
the Be—Cu diffusion pair), there are grounds to anticipate a reduction in the embrittling effect on the weld. The results obtained from
the analytical studies can serve as the foundation for a theoretical prediction method for assessing the quality of diffusion welding
of the beryllium—copper composite.
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AHHoTayums. TIpencraBieHsl pe3ysIbTaThl TEOPETHYECKHX M SKCIEPUMEHTAJIBHBIX HCCICIO0BAaHUH KauyecTBa An(QY3HOHHONW CBapKH

KOMIo3uTa Oepuinii—Menp. IIpoBeeHbl YHMCICHHBIE HCCIENOBaHUS mapameTpoB rerepoanddysun nud@y3aHToB M TOIILUHBI
cBapHOro 1mBa napel Be—Cu B 3aBUCHMOCTH OT TEMIIEPaTypHO-BPEMEHHBIX PEKUMOB. B pe3ysbrare aHUIUTHYECKUX UCCISI0BaHUH
OBLIO YCTAaHOBJIEHO, 4TO TOMNIIHHA Au(dy3roHHOro miBa B cThike Be—Cu m3Mensercs ot 26 10 345 MKM MpH yBEIUYCHHU TeMIIe-
parypsi ¢ 800 1o 1000 °C u Bpemenu Boiaepkku — ot 20 1o 120 mun. PacueTnast Tonmuna cinost npu 1uddy3noHHON cBapKe mapsl
Be—Cu npu # = 800 °C B Teuenue 2 4 coctaBiseT 65 MKM: 15 MKM co cTopoHb! 6epuimust 1 50 MKM co cTopoHsl Meau. Obpamiaer
Ha ce0sl BHUMaHHE BEPOATHOCTh 00pa3oBanus B N1 (y3MOHHOM IIBE 30HBI HHTEPMETAJLIHAHOrO coemunenns CuBe,, uto Apisercs
HEOIaronpusATHBIM (paKTOPOM, CHIIKAIOLIUM MEXaHHYeCKHe CBOMCTBA. [l TEOPETHUECKOro 000CHOBAaHUS MOAU(UKALMN CTPYK-
TYpBI U CBOKMCTB I (y3MOHHOI 30HBI MPOBEJICHBI YNUCICHHBIE HCCIIENOBAHHS CBAPKU C HUCIOJIb30BAaHUEM (DOJILIOBOW MPOKIAIKH
TOJIIMHOM 10 MKM U3 MaTepuaa, XOpoIo pacTBOPUMOro B Oepuiutiu, — HUKes. [Toka3aHo, 4To MOciie TeMIIepaTypHO-BPEMEHHOI
skenoszunmu mpu ¢ =900 °C B teuenue 20 mun opmupyercs auddysnonHo-cBapHoi mos mmmpuHoit 50 Mkm. Ero crpykrypa
COCTOMT U3 2 0HO(A3HBIX 30H TBEP/IBIX PACTBOPOB HA OCHOBE MEAU M OEPUILIHS, a TAKXKE JIBYX JABYX(a3HBIX 30H, IPEICTaBISIONINX
c0o00¥1 yrpOYHEHHBIE HHTEPMETAINAAMH TBEPABIC PacTBOPBI. OTCYTCTBHE B IIBE CTPYKTYPHBIX 30H, COCTOSIIMX TOJIbKO U3 MHTEP-
METaUIMAOB (KaK 3TO UMEJIO MecTo Npu cBapke nuddy3nonHoi napsl Be-Cu), NO3BOISET 0XKUAATH CHIKEHUS. OXPYITYUBAIOLIETO
cBapHOii 0B > dekTa. [TonydeHHble pe3yabTaThl QHATUTHYECKUX UCCIEOBAHUI MOTYT CITy’KHTh OCHOBOW METOAMKH TEOpPETHYe-

CKOTO TIPOTHO3MPOBaHMs KadecTBa AU((y3HOHHON CBapKH KOMIIO3UTa OepHILIHii—Meb.

KnioueBbie cnoBa: Gepuiuii, Mesb, xene3o0, Tuddy3noHHas cBapka, retepoauddysus, CKkopocTh AU Qy3un, KOMIO3UT, TEMIIEPaTypa,
BpeMsi, (ha30BbIii COCTAB, MEXaHMYECKHE CBOMCTBA, MUKPOCTPYKTYpa

Ans untnposanus: CripaeB b.B., MacnennukoB O.1., Cemmnynkas O.B. OtpaboTka T€OpEeTHYECKHX OCHOB NMPOTHO3UPOBAHUS
CTPYKTYPHO-MOP(HOIOTHYECKUX XapaKTEePUCTUK TU((Y3NOHHO-CBAPHBIX IIIBOB KOMIIO3HMTA OepwiuIMii-Menb. Hzeecmus 6y306.
Topowxkosas memannypeus u gyuxyuonanvrvie nokpvimus. 2024;18(2):14-22. https://doi.org/10.17073/1997-308X-2024-2-14-22

Introduction

Energy issues have recently become more pressing.
The steadily increasing energy consumption has led to a
drastic surge in the prices of “carbon” fuels such as gas,
oil, and coal. Meanwhile, aspirations for “green” tech-
nologies are constrained by limitations in hydro, wind,
solar, and geothermal energy. Concurrently, scientists
have linked global warming to the use of carbon-based
fuels, making the introduction of a “carbon” tax a rea-
sonable measure.

In light of these developments, scientists are redirect-
ing their focus towards new sources of energy, particu-
larly “hydrogen” and “helium”. Overcoming the appre-
hension surrounding radioactivity, they are also consider-
ing the application and further advancement of nuclear
energy. One promising avenue in this regard is the devel-
opment of the fusion energy industry, which offers sev-
eral key advantages. The process is highly secure, as
accidental power excursions in the power reactor are vir-
tually impossible. Fuel reserves in the form of hydrogen

isotopes are nearly limitless, and the energy processes are
exceptionally eco-friendly compared to traditional ther-
mal and nuclear power plants. International collaborative
research groups are actively engaged in this field, nota-
bly in the “International Thermonuclear Experimental
Reactor” project [1; 2].

The energy generated by thermonuclear reactions
between hydrogen isotopes is released in the form
of neutron energy (14.1 MeV) and helium ions, specifi-
cally alpha particles (3.5 MeV). This energy is absorbed
by a specialized device surrounding the plasma called
the “blanket” and subsequently removed by the primary
coolant. The reactor employs deuterium and lithium
as fuel, with tritium being produced during the fusion
reaction through contact with lithium [3; 4].

In order to create a fusion reactor, an array of sci-
entific and technical challenges must be addressed.
Various components of the reactor are manufactured
from materials with exceptional physical and mechani-
cal properties across a wide range of temperatures and
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loads. These materials must also exhibit erosion and
corrosion resistance in diverse environments while
remaining unaffected by electromagnetic and electric
fields and radioactive radiation, among other factors.
Certain grades of steel, heat-resistant alloys, non-fer-
rous metals like copper, aluminum, beryllium, and tung-
sten, along with super-hard alloys and ceramic-metal
materials, meet these stringent requirements [5—10].

Notably, the inner wall of the toroidal working
chamber, a critical component, is constructed using
beryllium [11-20]. Physicists involved in the develop-
ment determined the optimal design for the blanket, a
three-layer composite consisting of beryllium, a copper
alloy, and stainless steel with an internal channel sys-
tem for water cooling (Fig. 1). The areas where the con-
stituents of the “beryllium — copper alloy — stainless
steel” composite solidify should exhibit high thermal
strength and thermal conductivity. Significant progress
has been achieved in bonding beryllium and copper
through brazing technology [18-20]. Nevertheless,
the diffusion welding technique offers certain advan-
tages [21-24] and, according to the authors, holds
potential for further enhancing the performance prop-
erties of these composites.

The research aimed to perform numerical studies
of the diffusion interaction between composite com-
ponents and to establish a theoretical framework for
predicting the morphology, composition, and structure
of diffusion-welded joints.

Experimental

The mathematical tools developed by the staff
of the Moscow Engineering Physics Institute under
the supervision of Dr. Sci. D. Skorov were used to per-
form diffusion calculations for the interaction between
beryllium and impurities [25]. Principles for shaping

the structure of contact zones in heterodiffusion [26]
were applyed, and reference data on numerical patterns
of diffusion mobility of the elements under investiga-
tion [27] were incorporated. Furthermore, correspond-
ing state diagrams [28] were analyzed to formulate an
engineering algorithm for both qualitative (structure)
and quantitative (width of diffusion and structural
zones) assessments of contact zones within a specific
beryllium—copper—iron composite.

The experimental and analytical studies were con-
ducted in two distinct stages:

1) analytical studies focused on heterodiffusion
parameters (depth and concentration) of elements in
the contact zone of diffusion pairs, with a particular
emphasis on their variation under different tempera-
ture-time conditions;

2) the prediction of the phase composition and sizes
of structural zones as a function of diffusion welding
modes.

In the analytical study of element heterodiffusion,
the concentration of the diffusing element C(z) was
calculated as a function of distance (x) from the ini-
tial boundary of contact between diffusion pairs and
time (1) using equation [25]

exp(-=) -

2
p[ Y jlj
Jrt+1 Y
1Y

V72 +1
[ 2
Jnz erfC(z) —erfC| z vl

C(z) =C(0)

Fig. 1. Model of a fragment of the International Thermonuclear Experimental Reactor first wall

Puc. 1. Maxker ¢parmenra nepsoii crenku UTOP (International Thermonuclear Experimental Reactor)
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X T .

where z = Ex/D’E ,Y= -2 7, and 1, stand for interac-
T

tion time at constant and instantaneous diffusion

sources, respectively; C(0) represents the concentra-

tion of the diffusant element at the contact boundary.

In order to determine the value of C(0), the logic
of contact zone formation during the sintering of dis-
similar, mutually soluble materials was followed by
the researchers [26]. The Be—Cu state diagram revealed
that heterodiffusion at the junction of the diffusion pair
at a temperature of 800 °C produced an intermediate
v-phase CuBe with a variable composition. This phase
contained 11.3 wt. % of Be on the copper side and
86.7 wt. % of Cu on the beryllium side. The specified
phase, along with its corresponding chemical composi-
tion, was considered as a constant source with concentra-
tion values C(0) of the respective diffusant at the inter-
phase under the studied temperature conditions.

The temperature-dependent variation of the dif-
fusion coefficient is represented by the conventional
equation [27]

D= Doexp(—R—QT],

where D is a coefficient that varies depending on
the nature of the element; Q represents the activa-
tion energy for the process, kJ; R is the gas constant;
T denotes temperature, K.

The diffusion coefficients were calculated using
the formulas [27]

Be in Cu: D =0.66 exp[ﬂj, )
RT
Cuin Be: D = 0.084 exp (_198%) (3)

The procedure for solving equation (1) is outlined
in tabular form in [25] and was applied to compute
the concentrations of diffusants as a function of tem-
perature, time, and the distance from the point where
the components of the composite initially make contact.

Results and discussion

The thickness of the diffusion zone, or weld, was
determined as a result of heterodiffusion involving
the elements of Be—Cu model pairs, in relation to tem-
perature and welding time (Fig. 2). Analysis of the dia-
grams reveal that the thickness of the diffusion weld
at the Be—Cu joint varies from 26 to 345 pum, with
an increase in temperature from 800 to 1000 °C and
an extension of the holding time from 20 to 120 min.
Theoretical prediction of the phase composition during

diffusion welding (Fig. 3) was determined by compa-
ring the concentrations of the components (diffusant
and matrix metal) calculated using formulas (1) to (3)
with the Be—Cu state diagram.

The calculated layer thickness of the Be—Cu pair
during diffusion welding at 800 °C for 2 h measures
65 um: 15 and 50 pm on the beryllium and copper
sides, respectively. It’s worth noting that the forma-
tion of intermetallic compounds is possible in the dif-
fusion weld. Under the specified welding conditions
(800 °C for 2 h), the resulting diffusion weld exhi-
bits a multiphase structure, as shown in Fig. 3. At its
periphery, solid solutions based on beryllium (ay, ) and
copper (o, ), are expected to form, while the CuBe,
intermetallic compound zone and two-phase regions
0y, + CuBe,, B, +CuBe, a., +B., should emerge
closer to the initial contact boundary.

Cooling to 20 °C is expected to lead to a reduction
in the number of phases. The B phase will disappear,
and the regions containing copper- and beryllium-
based solid solutions will contract. At room tempera-
ture, the 65-um thick diffusion zone, which includes
CuBe, and CuBe intermetallic compounds alongside
solid solutions, will remain intact (see Fig. 3).

In order to assess the quality of diffusion bond-
ing, an experimental validation was conducted.
Cylindrical blanks, each 50 mm in height with a diam-
eter of 100 mm, were fabricated using beryllium grade
TGP-56 and M3 copper. After surface cleaning via
etching, the Be—Cu cylindrical blocks were assembled.
Diffusion welding [24] took place in a laboratory hot-
pressing furnace under vacuum conditions (1.33 Pa)
at temperatures ranging from 700 to 850 °C for 2 h,
all while subject to uniaxial compression at a pres-
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Fig. 2. Dependence of the thickness of the Be—Cu
diffusion zone on temperature and time during diffusion
welding (20-120 min)

Puc. 2. 3aBucumocTh ToNUHEL Anddy3nonHoii 30u61 Be-Cu
oT Temneparypsl 1 Bpemenu (20—120 mun)
(G Qy3HOHHON CBapKU
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Fig. 3. Predicted quality parameters of Be—Cu diffusion welds at # =20 and 800 °C,
including diffusion depth, concentration of elements, phase composition, and dimensions of structural zones

Puc. 3. TIpornosupyemsle napameTps! kauectsa 1 Py3HoHHO-cBapHbIX 11BoB Be—Cu
(rnybuna nuddy3un, KOHIEHTPALHS 2JIEMEHTOB, (a30Bblii COCTAB U pa3Mepbl CTPYKTYPHBIX 30H) mpu ¢ =20 u 800 °C

sure of 10 MPa. The integrity of each blank’s joint was
evaluated based on the outcomes of mechanical ten-
sile tests performed on three samples (as depicted in
Fig. 4). The results are provided in the Table below.

The analysis of the data obtained reveals that,
in all cases, the samples were damaged at the junc-

Fig. 4. Mechanical test samples

Puc. 4. O6pa3siibl Is MEXaHUUECKUX HUCTTBITAHUN

18

ture of the ingredients intended for welding, where
the CuBe, embrittling intermetallic phase was formed
during the diffusion interaction (Fig. 5). For this rea-
son, the level of joint’s mechanical properties did not
surpass 50 % of the values for the matrix metal which
is beryllium.

Be—Cu diffusion-welded bimetal samples'
mechanical test results

Pe3ysibTaTbl MeXaHUYeCKHX HCILITAHMI 00pa3LoB
u3 1u¢¢y3noHHo-cBapHoro 6umerania Be-Cu

Welding Relative s};Zr;Slilel Offset yield
temperature, °C | elongation, % MPga ’ point, MPa

The samples were destroyed during

700 manufacturing process

750 0.6 185 172
800 - 120 -
850 The samples were destroyed during

manufacturing process
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Fig. 5. Microstructure (x200) of Be—Cu weld after diffusion welding at # = 800 °C for 2 h

Puc. 5. Mukpoctpykrypa (%200) cBaproro mBa Be—Cu nociie nuddysunonnoit ceapku mpu ¢ = 800 °C, 2 4

Therefore, the underlying issue with the designed
composite lies in the fact that the Be—Cu zone, which
emerges in the weld structure, comprises grains
of the CuBe, intermetallic compound exclusively. This
can result in the embrittlement of the welded joint and
a subsequent reduction in its mechanical characteristics.

In order to address this structural flaw, further
numerical studies were carried out with an aim
to employ foil spacers made from metals that readily
dissolve in the materials of the diffusion pair. These
metals must have a melting point not lower than that
of copper and should not form structural single-phase
regions consisting solely of intermetallic compounds.
The thickness of these spacers is also a critical fac-
tor. During the process of heterodiffusion, the spacer’s
material should dissolve within the major components
(beryllium and copper).

Hence, the decision was made to employ a 10 pm
thick nickel foil spacer, which was hypothetically posi-
tioned between the beryllium and copper materials.
Subsequently, numerical studies were conducted based
on the aforementioned algorithm. To calculate diffu-
sion coefficients [27], using the relationships (2)—(7):

CuinNi: D = 7.0exp(ﬂjj, @)
RT

Niin Cu: D=1.95ex ( 236 ij %)
RT

Niin Be: D =2. 24exp( 247 kJ), (6)
RT

Bein Ni: D =0. 02exp[ 193 ij (7
RT

heterodiffusion parameters, including depth, concen-
tration, and the thickness of diffusion zones formed
during welding within the temperature range of 800—
1000 °C for 20-120 min, were determined employing
equation (1) (Fig. 6).

Analysis of the diagrams (refer to Fig. 4 and 6)
reveals that a diffusion zone, similar in thickness
to the one achieved by Be—Cu welding (at = 800 °C
for 2 h), can be attained by welding with a nickel spacer
at =900 °C for 20 min. The predicted concentration
of elements and the structure of the weld are presented
in Fig. 7.

At a welding temperature of 900 °C, the diffu-
sion layer encompasses two zones comprising solid

I 250-300
Il 200-250
[ 150-200
[ 100-150
° g [ 50-100
g 7 Il 0-50
= B
© >
% = 120
25 100
[SERZ]
R= -§
=
=3 g

0
1000
900

T 800
Mperature, o

Fig. 6. Dependence of the thickness of the Be-Ni—Cu
diffusion zone on temperature and time during diffusion
welding (20-120 min)

Puc. 6. 3aBucumMocTb ToMIMHBL 1} (Y3HOHHON 30HEI
Be—Ni—Cu ot temneparyps! 1 Bpemenu (20—120 mun)
1 dy3noHHON cBapKH
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Fig. 7. Predicted quality parameters of Be-Ni—Cu diffusion welds at # =20 and 900 °C, including diffusion depth,
concentration of elements, phase composition, and dimensions of structural zones

Puc. 7. TIporHo3upyembie napamMeTpsbl kadectBa anddy3nonHo-cBapubix mBoB Be—Ni—Cu (miyduna nquddysum,
KOHIICHTPALIUS JJIEMEHTOB, (pa3oBBIil cOCTaB M pa3Mepbl CTPYKTYPHBIX 30H) npu ¢ =20 u 900 °C

solutions based on copper a., and beryllium oy, .
Additionally, there are two zones with structures rein-
forced by intermetallic compounds, specifically CuBe
and NiBe. However, upon cooling to room tempera-
ture, the oy, zone disappears, leaving three distinct
structural zones: o, + CuBe, o, + NiBe and a, (refer
to Fig. 7).

Notably, what stands out is that the formation
of single-phase regions consisting solely of interme-
tallic compounds is not anticipated in the structure
of the diffusion-welded joint. This outcome should
be considered a positive effect stemming from the uti-
lization of a nickel spacer in Be—Cu diffusion welding.

Conclusions

Based on the numerical studies and theoretical pre-
diction, the following conclusions can be drawn.

1. When diffusion welding the beryllium-copper
model pair at 800 °C for 2 h, a diffusion solidification
zone, 65 um in width, is expected to form. This zone
will consist of beryllium-based solid solutions o, and
copper-based solid solutions o, two-phase regions
0y, T CuBe,, a. + CuBe, and a layer of CuBe, inter-
metallic compound.

2. The presence of a single-phase region composed
of CuBe, intermetallic compound in the structure
of diffusion-welded joint should be considered a detri-

20

mental factor that makes the weld brittle and reduces
its overall quality.

3. The introduction of a 10 pm thick nickel spacer
between the welded beryllium—copper elements allows
for the modification of the studied joint by eliminating
the single-phase intermetallic region from the weld
structure.

4. Following additional experimental validation,
the results obtained from the analytical studies can serve
as the foundation for a method to theoretically predict
the structural and morphological quality of beryllium-
copper diffusion-welded joints. This prediction method
encompasses phase composition and the size of struc-
tural zones within the diffusion welds.
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