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ABSTRACT

The technological features of producing a brass—steel joint by the method of autovacuum heating are considered. The thick-
ness of the brass layer after machining was 10 mm. Studying the structures and chemical composition of various joint zones
confirmed the solution-diffusion nature of interaction of liquid brass with steel. Microhardness measurements showed absence
of hard and brittle structures. A high quality of the joint was confirmed by mechanical tests of the two-layer joint for static

bending, tear and shear.
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INTRODUCTION

The joints of brass and carbon steels are used in
manufacture of various products. These are two-lay-
er sleeves, supporting components [1], rolled sheets
with a cladding layer from copper alloys [2], joints of
steel and cast iron parts, where brass is used as filler
metal [3]. These joints mostly form under atmospher-
ic pressure. Brazed joints are also produced in vacu-
um or controlled atmosphere.

Normative documents for manufacture of tube
plates for modern tubular heat exchangers envisages a
high quality of brass—steel joint at joint area of more
than 1.5-10* cm? and 10 mm thickness of the cladding
layer [4].

The objective of the work is development of a
cost-effective technology of producing a sound brass—
steel joint of a large area with up to 10 mm thickness
of the brass. Here, equipment currently available at
industrial enterprises should be used.

The experimental part of this work is a continuation
of the performed studies of liquid copper interaction
with steel [5] and it confirmed their main conclusions.

EXPERIMENTAL MATERIALS
AND PROCEDURE

The steel base of the joint was made from St14G2 steel
[6], the brass layer — from L.59 brass [7]. The assem-

Table 1. Reagents for metallographic etching of the samples

bled package for cladding was sealed by making vacu-
um-tight welds. 2NVR-5DM vacuum pump was used to
pump air out of the package to 2:10% Pa. Samples were
heated in SNOL-04534 thermal furnace.

Metallographic analysis method was used to study
the macro- and microstructure of the longitudinal and
transverse sections of the produced joints. Investiga-
tions were performed using Neohpot-32 optical mi-
croscope, fitted with an attachment for digital filming.
The system of image recording was realized using
QuickPhoto computer program.

Samples for metallographic investigations were pre-
pared by standard procedures. Microhardness was mea-
sured in M-400 hardness meter of LECO Company at
0249 and 0496 N. The reagents for revealing the sample
microstructure (Table 1) were selected, based on our de-
velopments and recommendations of work [8].

Sample investigations by the methods of scanning
electron microscopy (SEM), and X-ray microprobe
analysis (XRMA) were conducted in Jamp-9500F in-
strument of Jeol Company, Japan, fitted with X-ray
energy-dispersive spectrometer INCA Penta FETx3
(OXFORD INSTRUMENTS). The energy of the pri-
mary electron beam was equal to 10 keV at 0.5 mA
current for SEM and XRMA methods and 10 mA cur-
rent for Auger-electron spectroscopy. Auger spectra
were recorded with energy resolution AE/E = 0.6 %.

Etching purpose

Reagent composition

Method of application

Note

the macrostructure

(CH,COOH) — 25 ml

Revealing HNO, — 50 ml Chemical etching at intensive stirring
the microstructure H,0 — 50 ml of the reagent t = 20 °C, 1= 5-30's
. HNO, — 50 ml . . . . . .
3
Revealing H,PO, — 25 ml Chemical etching at intensive stirring and heating

of the reagentup to t=70°C, t=5-30s

Oxide film removal:
HCl — 20 ml
H,O—80ml,t=1-3s,
t=20°C
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Figure 1. Brass—steel joint produced by open heating: a — joint macrosection; x1.5; b — discontinuity in the surface layer of brass,

%100

Prior to investigations, the sample surface was cleaned
directly in the instrument analysis chamber by etching
by argon ions Ag" with 1 keV energy for 10 nm/min.
SiO, etching rate was nm/min. Vacuum in the analysis
chamber was in the range of 5-103-1-10- Pa.

EXPERIMENTAL RESULTS

Obtaining a sound brass—steel joint by pouring us-
ing open heating in a thermal furnace is impossible,
because of formation of pores and discontinuities in
brass, provoked by zinc evaporation [9]. Here, the
brass layer surface has defects to the depth of down
to 500 pm. It leads to high labour consumption for
machining of the brass surface and additional brass
consumption for technological allowance. Figure 1
shows a brass—steel joint, produced by open heating,
and the microstructure of the brass surface layer.

When searching for a replacement for open heating,
the following known methods of producing two-layer
brass—steel billets were considered: explosion weld-
ing [10], submerged-arc surfacing [11], laser welding
[12], plasma surfacing [13], etc. Application of these
technologies, however, requires designing and manu-
facturing special equipment.

To vacuum pump
T e

Furnace hearth

Figure 2. Scheme of cladding the billet by flowing with forced
replenishment: 1 — carbon steel base; 2 — brass sheet; 3 — brass
for replenishment; 4 — cover; 5 — accumulator; 6 — nozzle for
vacuum pump
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Current experience of brazing application in au-
tovacuum to produce brass—steel joints [14] showed
that this technology ensures a high quality of the joint
at 0.5-3.0 mm thickness of the brass layer. Autovac-
uum application envisages use of available industrial
equipment with minor additions. First of all, it was
necessary to ensure deposition of a cladding layer of a
uniform thickness at minimum allowance for machin-
ing, which was achieved by application of a scheme
of cladding with forced replenishment (Figure 2).

All the welds were made on the assembled package
and checked for tightness. A vacuum pump was used
to pump out air from the inner cavity to 2-10 Pa. The
assembly was heated in a standard thermal furnace at
T = 1000 °C and soaking for 15 min. Cooling was
performed with the furnace to 400 °C, then — with
open door at atmospheric conditions.

A feature of heating the assembly located in the
container with a vacuumized cavity, is the fact that heat
transfer is performed only by radiation due to absence
of gas in the cavity. The time required for the assembly
heating is equal to 13 min, for specific dimensions of
the clearance between the container walls and assembly
surface. Therefore, when designing the heating mode it
was necessary to increase the assembly soaking time at
brazing temperature by 13(15) min.

At examination of the brass layer (after removal of
the cover by machining) it was found that brass melt-
ed completely both in the main cavity, and in the re-
plenishment cavity, and good wetting of the steel part
is in place. No pores or discontinuities were observed
in the brass cross-section (Figure 3).

The strength and reliability of brass—steel joint
is directly related to the structure and composition
of metal in the contact zone. Metallographic inves-
tigations showed that St14G2 steel preserves its fer-
rite-pearlite structure after heating. The structure of
L59 brass is two-phase (o+f), it consists of a light-co-
loured o-matrix and small areas of B-phase, which
etches darker (Figure 4). After performance of anal-
ysis, it was found that chemical composition of brass
changed after heating, and zinc content dropped from
40 to 37 wt.%.
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Table 2. Chemical composition of meal of the studied joint areas,
wt.%

Area Si Mn Fe Cu Zn
number
1 0.10 0.12 18.39 49.66 28.97
2 0.04 0.16 42.72 33.84 20.30
3 0.36 0.16 79.14 10.85 6.95
4 0.22 0.08 76.80 5.68 3.17
5 0.03 0.08 4.34 59.26 33.48
6 0.25 0.00 90.84 3.49 3.09

The questions of liquid brass interaction with solid
steel are fundamental at prediction of the joint reli-
ability. These processes were repeatedly studied by
different authors. Some of them state that cracks form
on the steel surface at its contact with liquid copper
and its alloys during deposition, which are filled with
liquid [15]. In this case, the composition of the metal
filling the “crack” should be close to the initial one,
and the “crack” tip cannot be filled completely, in
keeping with the law of capillarity [5].

Another approach to interaction of the melt of cop-
per and its alloys with steel is given in detail in [5].
According to it, the interaction of brass melt with sol-
id steel takes place due to dissolution and diffusion of
elements, located on the steel grain boundaries, and
further separation and movement of these grains into
the melt. In the areas of brass penetration, iron and
other components of steel should be registered, in ad-
dition to initial elements.

At a considerable magnification, brass penetration
into steel was recorded in the optical (Figure 5, a)
and electron (Figure 5, b) microscopes to the depth of
1.5-10 pm. The chemical composition of metal in the
studied areas is given in Table 2.

After brass penetration into steel to the depth of
10 pm, a considerable amount of iron is registered in
it: 18.39-42.72 wt.% (areas 1, 2). In steel grains that
separate and go into brass (areas 3, 4), copper is found
in the amount of 5.68—10.85 and zinc in the amount of
3.17-6.95 wt.%. In areas 5 and 6, where no interpene-
tration of metals is observed, the diffusion processes are

b

Figure 3. General view (a) and diametral cross-section (b) of the
brass—steel joint produced in autovacuum, x0.5

Figure 4. Microstructure of brass—steel joint after etching, x100

less significant. In brass 4.34 % of iron, and in steel 3.49
of copper and 3.09 wt.% of zinc were registered.

At analysis of microhardness in brass and steel areas
located near the contact zone, no formation of solid or

Figure 5. Zone of brass—steel contact: a — optical, x500; b — electron microscopic image x1500 (etched)
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Figure 6. Metal microhardness in brass—steel joint

Figure 7. Steel microstructure in brass—steel contact zone, <1600

brittle structures was found (Figure 6). At the same time,
it is necessary to pay attention to the structure of steel in
the zone of contact with brass (Figure 7).

The chain of dark grains from the steel side is pearl-
ite grains. Carbon in steel is known not to interact with
copper. Its concentration in the contact zone grows
which at long-time soaking (more than 30 min) may
lead to formation of a chain of brittle grains of pearlite
along the contact boundary from the steel side. In this
connection, the duration of soaking in the furnace is
limited to 15 min. As a result, pearlite accumulations
were insignificant which is indicated by microhardness
investigations. The same effect was in place, when
studying the interaction of liquid copper with steel [5].

Testing for shear of the cladding layer, tearing of
the cladding layer and static bending was conducted
in order to determine the mechanical characteristics
of brass—steel joints. Shear testing of the cladding lay-

er was performed on samples (Figure 8, a) which are
used for two-layer steels produced by rolling [2]. The
thickness of the sample cladding layer was brought
to 5 mm by machining. As a result of testing, it was
found that the ultimate shear strength of the brass—
steel joint produced by heating in autovacuum is
equal to 194.2 MPa.

Static tearing tests of the cladding layer were con-
ducted on samples presented in Figure 8, c. Here, the
die was of such a shape that it ensured tearing defor-
mation in the metal joint zone. The tearing strength
limit of the cladding layer was equal to 266.7 MPa.

Static bend testing with cladding layer inside was
performed on samples (Figure 8, b) of 120%20x8 mm
size, die diameter was 16 mm [17]. At 180° bending
angle, no cracks visible to the naked eye were found
on the sample surfaces.

DISCUSSION OF INVESTIGATION RESULTS

Analysis of the cost of production of a conventional
unit of products by arc surfacing, explosion welding
and developed technology of heating in autovacuum
showed significant cost advantages of the latter. A
scheme of the packet positioning at an angle to the
vertical with feeding of an additional amount of liquid
brass to the cladding layer ensured both obtaining a
joint without casting defects or pores, and a high qual-
ity of the brass layer surface directly after cladding.
Here, the allowance for machining was minimal, met-
al and labour consumption for machining were also
much lower than in other variants.

Metallographic investigations showed that no brit-
tle structures form in the joint zone. The interaction of

Figure 8. Samples for mechanical testing of brass—steel joints: @ — shear testing of cladding layer; b — two-layer joint after static bend
testing with cladding layer inside; ¢ — before and after cladding layer tearing tests
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liquid brass with steel takes place without cracking in
the steel layer. No unfilled tips, or brass penetration
into the steel was found, metal composition is close to
the initial brass composition with additions of some
elements present in the steel. These results correlate
well with those of earlier performed studies of liquid
copper interaction with steel [5]. No structures with a
high hardness form at interaction of steel and brass.
The zone of higher hardness of the steel is equal to
3—10 pm. It allows predicting high mechanical prop-
erties of the joint and high reliability of the product at
operation under the conditions of thermal cycles.

The ultimate shear strength of the brass—steel
joint produced by heating in autovacuum was equal
to 194.2 MPa, that is by 32 % higher than the nor-
mative value (147.1 MPa) [2]. Static bend testing of
a two-layer joint with cladding layer inside showed
that the joints of metal of the cladding and base layers
meet the requirements [6, 2, 16] (out-of-plane bend-
ing until sides are parallel, cracks are absent). Tearing
strength which was equal to 266.7 MPa, is higher than
the normative value by 52 % [10] (177.8 MPa after
explosion welding and heat treatment).

CONCLUSIONS

1. A package of engineering works was performed on
optimization of the technology of producing a two-lay-
er brass—steel joint by heating in autovacuum. Obtained
output data allow developing a production technology
with maximal application of the available equipment.

2. Metallographic investigations revealed the high
quality of the joint microstructure.

3. Mechanical characteristics of the produced
brass—steel joint completely meet the requirements of
normative documents for manufacture of tube sheets
of shell-and-tube heat exchangers.

4. The performed work is a continuation of inves-
tigations of interaction of liquid copper and its alloys
with steel at heating in autovacuum. The mechanisms
of interaction of the liquid and solid phases published
earlier, are completely confirmed in this work.
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