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Friction assemblies based on steel and bronze are widely applied in many mechanical systems. Steel and
bronze joints are produced by diffusion welding at temperatures of 750—850 °C. Defect formation in the
joint zone in a number of cases is associated with high welding temperature. The paper deals with the
possibility of lowering diffusion welding temperature by interlayer application in the case of making
permanent joints of steel (20Kh3MVF) and bronze (BrOSN 10-2-3). Porous nickel and copper foils,
produced by vacuum deposition, were used as interlayers. It is shown that application of such porous
interlayers allows welding temperature to be lowered to 660—700 °C. Lowering of welding temperature
prevents growth of liquation precipitates of tin and lead in the joint zone, that lowers the probability of
defect formation. The thus produced joints are stable at short-time heating to 800—850 °C, that allows later
on performing heat treatment of steel as part of composite material to increase its strength properties.
13 Ref., 1 Table, 5 Figures.
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Bimetal materials consisting of steel and tin
bronze and produced by diffusion welding are
widely applied in mechanical systems (friction
assemblies). Such a composite structure of ma-
terial provides a combination of high strength
and low friction coefficient to the parts. Reli-
ability and service life of parts with bimetal struc-
ture depends on the quality of joining steel and
tin bronze components.

According to the data of [1], structure of tin
bronze BrOSN 10-2-3 consists of α-solid solution
and inclusions of α + Cu3Sn (or α + Cu31Sn8)
eutectoid. Its composition further includes nickel
and tin. Nickel added to bronze increases the
eutectoid amount, but does not form any new
phases, while being in solid solution. Lead, in-
soluble in copper, is present in the form of indi-
vidual inclusions. Difficulties in welding steel
and tin bronze alloyed by lead are associated with
higher liquation susceptibility of bronze, bronze
surface melting already at 760—780 °C, because
of lead presence, as well as the probability of
development of Rebinder effect at copper pene-
tration into steel intercrystalline space.

Known is the technology of tin bronze welding
to steel in the mode of solid-liquid state at tem-

peratures Tw = 870—880 °C and soaking for tw =
= 15 min [2].

Authors of [3] developed a technology to pro-
duce joints of bronze bushing with slide bearing
body. This technology envisages bushing pressing
into the steel body with subsequent burnishing
that ensures running of localized plastic defor-
mation on steel—bronze interface. Then diffusion
welding is performed at Tw = 750 °C, tw = 30 min.

Known are technologies of steel to bronze
welding with application of copper and nickel
interlayers or electroplated nickel coatings. So,
for instance, in welding 40Kh steel to bronze
BrOSN 10-2-3 it is recommended to weld a copper
interlayer (1 mm thick) to steel at Tw = 900 °C,
Pw = 10 MPa, tw = 20 min, and then to weld the
assembly to bronze at Tw = 750 °C, Pw = 5 MPa,
tw = 10 min, that allows producing welded joints
with 229 MPa pull strength [4].

Conducted analysis shows that steel and
bronze joints are produced during diffusion weld-
ing at elevated temperatures that may promote
increase of liquational inhomogeneities in bronze
or liquid phase formation in the joint zone. This
leads to lowering of joint strength and depend-
ence of its quality on bronze initial state. Weld-
ing temperature lowering can be one of the ways
to prevent development of negative processes.
However, even in the case of activation of diffu-
sion processes in the joint zone by simultaneous
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deformation of samples being welded at rolling,
material joining cannot be achieved at tempera-
ture below 750 °C [5].

On the other hand, it was shown in a number
of studies that application of interlayers, based
on ductile materials, can promote softening of
the conditions of producing permanent joints [6].
Porous materials can also be used as such inter-
layers [7]. Taking these results into account, the
possibility of lowering the temperature of diffu-
sion welding of steel and tin bronze through
nickel and copper interlayers with porous struc-
ture was considered, and the features of micro-
structure formation in the joint zone were studied
in this work.

Materials and methods of investigation. Vac-
uum diffusion welding of samples of 20Kh3MVF
steel (further on steel) and tin bronze BrOSN
10-2-3 (further on bronze) was conducted by the
procedure, described in [8]. Welding process pa-
rameters were as follows: Tw = 600—800 °C, tw =
= 5—20 min, Pw = 10—20 MPa, vacuum in the
working chamber was kept on the level of
1.33⋅10—3 Pa.

Thin foils of nickel and copper were produced
by electron beam vacuum deposition by the pro-
cedure described in detail in [9].

Analysis of structural characteristics of foil
and welded joints was performed in scanning
electron microscope CAMSCAN 4, fitted with
energy dispersive analysis system Oxford INCA
Energy 200 to determine the composition on flat
samples. For this purpose transverse sections of
foils and welded joints were prepared by a stand-
ard procedure using grinding-polishing equip-
ment of Struers. Deformational behaviour of thin
foils during heating under the conditions of con-
tinuous tensile loads was evaluated in a dyla-
tometric system fitted with a special device [10].
Load magnitude was selected as 1/10 of applied

pressure that is equal to about 2—4 MPa at dif-
fusion welding under 20—40 MPa pressure.

Measurement of welded joint Vickers micro-
hardness was performed with application of Poli-
varmet optical microscope, fitted with at attach-
ment for microhardness measurement, at load on
indenter of 0.098 N.

Experimental results and their discussion.
According to the data of [11], one of the methods
to produce bimetal cylinder blocks of hydraulic
machines is diffusion welding of parts from tin
bronze and steel, which is performed at 870 ±
± 10 °C for 50 min at constant pressure at assem-
bly immersion into a salt bath. After completion
of welding process, the parts are subjected to oil
quenching that allows increasing steel hardness
to required level.

Figure 1 gives a typical microstructure of a
defective steel/bronze welded joint produced by
diffusion welding at Tw = 860 °C with subsequent
quenching. High welding temperature leads to
tin and lead liquation along grain boundaries
with their subsequent evaporation that, along-
side thermal stresses arsing at joint quenching
from welding temperature, promotes appearance
of ruptures and discontinuities in the weld zone.
In [12] we have shown in the case of stainless
steel that application of porous nickel foil allows
lowering diffusion welding temperature.

Porous foil characterization. Porous nickel
and copper foils produced by EB PVD process
were used in the work. Figure 2 gives the char-
acteristic cross-sectional microstructure of foils.
It is seen that microstructure of as-deposited foils
(Figure 2, a, c) is characterized by columnar
structure of grains, the cross-section of which is
equal to about 2—3 μm, with elongated pores
observed on their boundary, which run through
the foil entire thickness.

In [12] in the case of vacuum condensates of
nickel, it was shown that the conditions for pro-
ducing such foils (low deposition temperature
Td < 0.3Tmelt, where Tmelt is the melting tem-
perature of deposited metal) promote formation
of structurally nonequilibrium state in them.
Therefore, structural changes are observed in
such foils at low heating, which are accompanied
by the processes of pore coalescence and healing.
These processes running results in changes in po-
rous structure characteristics: a transition from
open to closed porosity is observed, and pore
shape changes from elongated to spherical one.

Investigations of deformational behaviour of
porous nickel and copper foil at heating under
the conditions of continuous tensile stresses (of
the order of 2—4 MPa) showed that foil plastic

Figure 1. Microstructure of steel/bronze welded joint pro-
duced by diffusion welding at Tw = 860 °C + quenching
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flow rate non-monotonically depends on tem-
perature. As is seen from Figure 2, b, d, foil
deformation rate at temperature increase varies
as follows: up to 380 and 450 °C for copper and
nickel foils, respectively, it remains on the level
of metal coefficient of thermal expansion (tensile
stresses below the foil yield point), and above
the indicated temperatures their deformation rate
rises abruptly, and acquires an exponential de-
pendence. Such deformational behaviour of foil
at heating is characteristic for materials at their
transition into superplastic state, at which plastic
deformation runs predominantly by the mecha-
nism of intergranular slipping. In the case of pure
metals, structural superplasticity is manifested
at their heating above 0.5Tmelt. Plastic deforma-
tion localizing along grain boundaries during su-
perplastic flow of materials is accompanied by
pore formation that, in its turn, promotes inter-
granular slipping [13]. This leads to an assump-
tion that lower temperature of porous foil tran-
sition into superplastic state, compared to mono-
lithic materials, can be due to presence of pores
in them.

Proceeding from that, it can be assumed that
interlayers with porous structure will promote

development of plastic deformations in the joint
zone at lower temperatures compared to those,
at which running of plastic deformation of steel
or bronze becomes possible, that is the prereq-
uisite for establishing physical contact between
the surfaces being joined and diffusion processes
activation in them, and this, in its turn, will
promote lowering of welding temperature. More-
over, welding temperature lowering can be in-
fluenced also by increased structural inhomo-
geneity of vacuum condensates.

Welded joint characteristics. Figure 3 shows
the microstructures of steel/bronze welded
joints produced through porous nickel foil with
25 vol.% porosity and 50 μm thickness at different
welding modes. It is seen (Figure 3, a) that ap-
plication of porous nickel interlayer ensures for-
mation of steel/bronze joint already at Tw =
= 660 °C. It should be noted that welding tem-
perature is somewhat higher than that of porous
nickel foil transition into the superplastic state
(450—500 °C). Considering that formation of per-
manent joints in diffusion welding requires pro-
viding the conditions for intergrowing of grains
between surfaces being welded, it can be assumed
that at the temperature of interlayer transition

Figure 2. Microstructure and deformation rate of samples of porous foil based on copper with 30 vol.% porosity (a, b)
and nickel with 25 vol.% porosity (c, d)
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into superplastic state, the rate of diffusion proc-
esses running is insufficient to provide these con-
ditions. Results of studying the joint zone mi-
crostructure also provide evidence in favour of
such a conclusion.

Phase contrast in the image of joint zone mi-
crostructure shows that interdiffusion of compo-
nents of samples being welded and foil occurs at
welding temperature. Diffusion-induced interac-
tion of nickel foil with surfaces being welded
results in foil becoming saturated with iron atoms
from the steel side, and with copper atoms –

from bronze side (Figure 3, b). A diffusion zone
of inhomogeneous composition forms in the joint
zone. More over, pores are observed in the dif-
fusion zone.

Low welding temperature does not provide
pore healing, either in nickel interlayer, or of
pores in the HAZ, arising at coalescence of va-
cancies, which form as a result of unbalanced
diffusion flows of copper atoms into nickel and
those of nickel into bronze (Kirkendall effect).
It should be noted that vacancy clusters (pores)
form on the boundaries of copper alloy grains in

Figure 3. Microstructure of steel/bronze welded joint made by diffusion welding with application of porous nickel
interlayer of 25 vol.% porosity and 50 μm thickness: a – Tw = 660 °C, tw = 30 min; b – distribution of main components
of materials in joint zone; c – Tw = 700 °C, tw = 5 min; d – Tw = 700 °C, tw = 20 min; e – main component distribution
in the joint zone, shown in Figure 3, d

16 9/2015



the area of bronze/nickel foil interface (see Fi-
gure 3, a, point A). Pores are absent in the area
of diffusion zone from steel side (point B). Pore
appearance in the area of bronze/nickel foil in-
terface is attributable to the fact that nickel dif-
fusion into bronze stimulates formation of eutec-
toid component. So, chemical analysis of this
zone showed (the Table) that its nickel concen-
tration is much higher that in bronze material.
Eutectoid formation results in appearance of an
additional vacancy inflow which ensures pore
coalescence. At welding temperature increase up
to 700 °C, eutectoid volume fraction in

bronze/nickel foil diffusion zone becomes
greater (Figure 3, c). Here, the short welding
time (5 min) is insufficient for pore healing in
the joint zone. It is seen that porosity of interlayer
and diffusion zone in the area of bronze/nickel
foil interface is more pronounced, compared to
welding at 660 °C for 30 min (Figure 3, a, c).
At increase of soaking time at 700 °C, porosity
decreases both in the interlayer area, and in the
area of bronze/nickel foil interface (Figure 3,
d). On the one hand, bronze/nickel foil diffusion
zone becomes wider, while its nickel content per
a unit of volume decreases that is indicative of

Composition of joint zone near the interlayer—bronze interface

Welding mode/Interlayer

Composition of joint zone (designated by a rectangle in
microstructure image), wt.%

Fe Ni Cu Sn Pb

Тw = 660 °С, tw = 30 min/Ni with 25 vol.% porosity, thickness of 50 μm 0.26 45.41 42.01 10.67 1.65

Тw = 700 °С, tw = 20 min/Ni with 25 vol.% porosity, thickness of 50 μm 0.59 40.01 46.21 13.19 —

Тw = 700 °С, tw = 20 min/Ni with 25 vol.% porosity, thickness of 20 μm 0.45 37.05 50.73 11.77 —

Тw = 700 °С, tw = 20 min/Cu with 30 vol.% porosity, thickness of 30 μm 1.27 3.06 87.22 8.45 —

Bronze — 4.01 83.38 10.23 2.38

Figure 4. Microstructure of steel/bronze welded joint produced by diffusion welding with application of porous nickel
interlayer at Tw = 700 °C, tw = 20 min: a – 25 vol.% porosity, 20 μm thickness; b – respective distribution of main
elements in the butt area; c – 10 vol.% porosity, 20 μm thickness; d – microhardness distribution in the joint zone
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lowering of nickel concentration (see the Table),
that leads to decrease of eutectoid volume frac-
tion in the area of foil/bronze interface, and,
therefore, vacancy inflow due to eutectoid trans-
formation becomes smaller. On the other hand,
longer soaking time ensures partial healing of
pores, but it appears to be insufficient for com-
plete elimination of porosity.

It is obvious that to eliminate residual porosity
in the joint zone, it is necessary to decrease the
volume fraction of pores and vacancies, associ-
ated with presence of porous foil interlayer in
the butt. This can be solved in two ways: first,

by reducing foil thickness, and, second, by re-
ducing its porosity.

Figure 4, a shows the microstructure of
steel/bronze welded joint, produced by diffusion
welding at Tw = 700 °C, tw = 20 min, using an
interlayer of nickel foil with porosity of 25 vol.%
and 20 μm thickness. Application of thinner po-
rous foil ensures reduction of residual nickel layer
in the joint zone (Figure 4, b). Here, porosity
in the foil area and in the diffusion zone from
bronze side is reduced that can be the consequence
of both reduction of eutectoid volume fraction,
because of lowering of nickel concentration in
this area (see the Table), and of pore healing.
Application of interlayers with smaller porosity
(of the order of 10 vol.%) and 20 μm thickness
essentially lowers pore concentration both in the
interlayer area, and near the nickel interlayer/
bronze interface (Figure 4, c). Inhomogeneous
composition of the diffusion zone affects micro-
hardness distribution in the joint zone (Figure 4,
d). It is seen that interdiffusion of the components
of steel, bronze and interlayer leads to formation
in the joint zone of material regions of higher mi-
crohardness than that in initial materials.

From the steel side diffusion interaction of
iron and nickel leads to formation of particles of
intermetallic compound FeNi3 that ensures pre-
cipitation hardening of material. Interdiffusion
of copper and nickel leads to formation in the
butt of material close to Monel high-strength
alloy as to its composition. Obtained results give
grounds to state that application of porous nickel
interlayer in diffusion welding of steel and bronze
intensifies the diffusion processes in the joint
zone. On the one hand, this is promoted by es-
tablishing of good physical contact of the surfaces
being welded due to superplastic behaviour of
porous foil, and, on the other hand – relaxation
of foil non-equilibrium state through pore coa-
lescence and healing activates diffusion interac-
tion of material components in the joint zone.
Application of porous nickel foil allows lowering
welding temperature that prevents appearance of
the liquid phase on bronze surface and improves
joint strength.

It is known [4] that one of the methods, pre-
venting appearance of liquid phase on bronze sur-
face during the welding process, is welding a thin
copper interlayer to steel surface. In this connec-
tion, it is of interest to apply porous copper foil
as interlayer in diffusion welding of steel and
bronze. Figure 5, a shows the microstructure of
steel/bronze joint produced by diffusion weld-
ing with application of an interlayer of copper
with 30 vol.% porosity and 30 μm thickness at

Figure 5. Microstructure of steel/bronze welded joint made
by diffusion welding with application of porous copper in-
terlayer with 30 vol.% porosity and 30 μm thickness at Tw =
= 700 °C, tw = 20 min (a), distribution of main elements
(b) and microhardness (c) in the joint zone
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Tw = 700 °C, tw = 20 min. It is seen that the joint
zone has no residual porosity. Absence of copper-
based interlayer or clearcut interdiffusion zone
in the joint zone is indicative of intensive diffu-
sion of components of materials being joined and
copper foil. Proceeding from element distribution
in the joint zone (Figure 5, b) and data on chemi-
cal composition from bronze side (see the Table),
it can be noted that in the area of copper inter-
layer location alloying element concentration is
practically the same as in bronze, i.e. intensive
redistribution of elements proceeds between po-
rous copper interlayer and bronze during diffu-
sion welding that promotes pore healing. At the
same time, phase contrast in the image of joint
microstructure (see Figure 5, a, point A) points
to copper diffusion along steel grain boundaries.

Thus, performed studies lead to the conclusion
that during welding diffusion interaction of po-
rous copper interlayer on steel/copper interface
is determined by grain-boundary diffusion of cop-
per into steel, and that on the interface with
bronze – by tin and nickel diffusion from bronze
into copper. Diffusion redistribution of compo-
nents during welding leads to formation in the
joint zone of an interlayer of a steel-based com-
posite with high microhardness. It can be as-
sumed that such a change of mechanical proper-
ties in welded joint will promote localizing of
plastic deformation under the impact of external
load, chiefly, in bronze regions directly adjacent
to steel. A smoother microhardness change in the
area of steel/bronze joint produced with appli-
cation of porous nickel interlayer will, probably,
provide a more diffuse area of relaxation proc-
esses running at external loads.

Conclusions

1. Application of interlayers based on porous
nickel and copper foil allows lowering the tem-
perature of diffusion welding of steel/bronze to
660—700 °C.

2. It is shown that at diffusion welding of
steel and bronze through porous nickel foil the
welded joint structure forms from the steel side
by interdiffusion of nickel and iron atoms, and

from bronze side – by that of nickel and copper
atoms that leads to formation of material inter-
layers of higher microhardness in the butt area.

3. Structure of steel/bronze welded joint,
made through porous copper interlayer forms by
grain boundary diffusion of copper atoms into
steel and by nickel and tin atoms diffusion into
copper that promotes formation of a composite
with higher microhardness in the joint zone.
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