
14

UDC 621.762

https://doi.org/10.17073/1997-308X-2024-2-14-22

Establishing theoretical foundations for predicting 
the structural and morphological characteristics 

of diffusion-welded joints 
of the beryllium–copper composite

B. V. Syrnev , O. I. Maslennikov, O. V. Semilutskaya

Research article 
Научная статья

© 2024.  B. V. Syrnev, O. I. Maslennikov, O. V. Semilutskaya

East Kazakhstan Technical University named after D. Serikbayev
19 Serikbaev Str., Ust-Kamenogorsk 070004, Kazakhstan

  izusan@mail.ru
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 µm, 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 µm, with 15 µm on the beryllium side and 50 µm on the copper side. Notably, a CuBe3 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 μm 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 µm 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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Аннотация. Представлены результаты теоретических и экспериментальных исследований качества диффузионной сварки 

композита бериллий–медь. Проведены численные исследования параметров гетеродиффузии диффузантов и толщины 
сварного шва пары Be–Cu в зависимости от температурно-временных режимов. В результате аналитических исследований 
было установлено, что толщина диффузионного шва в стыке Be–Cu изменяется от 26 до 345 мкм при увеличении темпе-
ратуры с 800 до 1000 °С и времени выдержки – от 20 до 120 мин. Расчетная толщина слоя при диффузионной сварке пары 
Be–Cu при t = 800 °C в течение 2 ч составляет 65 мкм: 15 мкм со стороны бериллия и 50 мкм со стороны меди. Обращает 
на себя внимание вероятность образования в диффузионном шве зоны интерметаллидного соединения CuBe3 , что является 
неблагоприятным фактором, снижающим механические свойства. Для теоретического обоснования модификации струк-
туры и свойств диффузионной зоны проведены численные исследования сварки с использованием фольговой прокладки 
толщиной 10 мкм из материала, хорошо растворимого в бериллии, – никеля. Показано, что после температурно-временной 
экспозиции при t = 900 °С в течение 20 мин формируется диффузионно-сварной шов шириной 50 мкм. Его структура 
состоит из 2 однофазных зон твердых растворов на основе меди и бериллия, а также двух двухфазных зон, представляющих 
собой упрочненные интерметаллидами твердые растворы. Отсутствие в шве структурных зон, состоящих только из интер-
металлидов (как это имело место при сварке диффузионной пары Be–Cu), позволяет ожидать снижения охрупчивающего 
сварной шов эффекта. Полученные результаты аналитических исследований могут служить основой методики теоретиче-
ского прогнозирования качества диффузионной сварки композита бериллий–медь.

Ключевые слова: бериллий, медь, железо, диффузионная сварка, гетеродиффузия, скорость диффузии, композит, температура, 
время, фазовый состав, механические свойства, микроструктура
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IntroductionIntroduction
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 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 (τ) using equation [25]

  (1)

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

Рис. 1. Макет фрагмента первой стенки ИТЭР (International Thermonuclear Experimental Reactor) 
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where  ; τ1 and τ2 stand for interac-  
 
tion time at constant and instantaneous diffusion 
sources, respectively; С(0) represents the concentra-
tion of the diffusant element at the contact boundary. 

In order to determine the value of С(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 
γ-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 С(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]

where D0 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]

            (2)

.          (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 discussionResults 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 μm, 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 μm: 15 and 50 μm 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 (αBe ) and 
copper (αCu ), are expected to form, while the СuBe3 
intermetallic compound zone and two-phase regions 
αBe + СuBe3 , βCu + CuBe, αCu + βCu  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 βCu phase will disappear, 
and the regions containing copper- and beryllium-
based solid solutions will contract. At room tempera-
ture, the 65-μm thick diffusion zone, which includes 
СuBe3 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-

Fig. 2. Dependence of the thickness of the Be–Cu  
diffusion zone on temperature and time during diffusion  

welding (20–120 min) 

Рис. 2. Зависимость толщины диффузионной зоны Be–Cu  
от температуры и времени (20–120 мин)  

диффузионной сварки

Powder Metallurgy аnd Functional Coatings. 2024;18(2):14–22 
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Fig. 4. Mechanical test samples 

Рис. 4. Образцы для механических испытаний

Fig. 3. Predicted quality parameters of Be–Cu diffusion welds at t = 20 and 800 °C,  
including diffusion depth, concentration of elements, phase composition, and dimensions of structural zones 

Рис. 3. Прогнозируемые параметры качества диффузионно-сварных швов Be–Cu  
(глубина диффузии, концентрация элементов, фазовый состав и размеры структурных зон) при t = 20 и 800 °C

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

Результаты механических испытаний образцов  
из диффузионно-сварного биметаллла Be–Cu

Welding 
temperature, °С

Relative 
elongation, %

Tensile 
strength, 

MPa

Offset yield 
point, MPa

700 The samples were destroyed during 
manufacturing process

750 0.6 185 172

800 – 120 –

850 The samples were destroyed during 
manufacturing process

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-

ture of the ingredients intended for welding, where 
the СuBe3 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.

Известия вузов. Порошковая металлургия и функциональные покрытия. 2024;18(2):14–22 
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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 CuBe3 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 µm 
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):

       (4)

       (5)

      (6)

      (7)

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 t = 800 °C 
for 2 h), can be attained by welding with a nickel spacer 
at t = 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 

Fig. 5. Microstructure (×200) of Be–Cu weld after diffusion welding at t = 800 °C for 2 h 

Рис. 5. Микроструктура (×200) сварного шва Be–Cu после диффузионной сварки при t = 800 °С, 2 ч

Fig. 6. Dependence of the thickness of the Be–Ni–Cu  
diffusion zone on temperature and time during diffusion  

welding (20–120 min) 

Рис. 6. Зависимость толщины диффузионной зоны  
Be–Ni–Cu от температуры и времени (20–120 мин) 

диффузионной сварки
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solutions based on copper αCu and beryllium αBe . 
Additionally, there are two zones with structures rein-
forced by intermetallic compounds, specifically CuBe 
and NiBe. However, upon cooling to room tempera-
ture, the αBe zone disappears, leaving three distinct 
structural zones: αBe + CuBe, αBe + NiBe and αCu (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. 

ConclusionsConclusions
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 μm in width, is expected to form. This zone 
will consist of beryllium-based solid solutions αBe and 
copper-based solid solutions αCu , two-phase regions 
αBe + СuBe3 , αCu + CuBe, and a layer of СuBe3 inter-
metallic compound.

2. The presence of a single-phase region composed 
of СuBe3 intermetallic compound in the structure 
of diffusion-welded joint should be considered a detri-

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

3. The introduction of a 10 µm thick nickel spacer 
between the welded beryllium–copper elements allows 
for the modification of the studied joint by elimina ting 
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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