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Abstract in English

This work deals with the characterisation of the micro-
structure of a nickel insert, a special copper alloy and the
cast joint between them after their use as a glass manu-
facturing mould. The microstructure was characterised by
optical microscopy, scanning electron microscopy and mi-
croanalysis by energy dispersive X-ray spectroscopy.

It was found that the nickel insert contained 7 at. % Si
and 0.3 at. % Fe. The special copper alloy contains un-
desirable phases or compounds, including lead, alumin-
ium-based oxides and borides. The borides are either
iron-, iron-chromium- or chromium-based with differ-
ent stoichiometries between metal components and bo-
ron. The castjoint between the nickel insert and the spe-
cial copper alloy has evidence of mixing the two alloys,
while only in some areas porosity and oxides prevented
the formation of a suitable cast joint. Aluminium-based
oxides and some borides could be the cause of the for-
mation of cracks due to their morphology.
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microanalysis

Introduction

Moulds for glass production are usually made
of special copper alloys. Standardised copper
alloys for these purposes are designated as
€99300 and C99350 according to UNS [1-3]. In
addition to copper, these alloys usually contain
some nickel, aluminium, zinc, and iron as the
main alloying elements and should have high
hardness, oxidation resistance, and resistance

Povzetek

Delo obravnava karakterizacijo mikrostrukture niklje-
vega vstavka, posebne bakrove zlitine in litega spoja
med njima po uporabi kot kalupa za oblikovanje stekla.
Mikrostrukturo smo karakterizirali z opti¢cno mikro-
skopijo, vrsti¢no elektronsko mikroskopijo in mikro-
analizo z energijsko disperzijsko rentgensko spektro-
skopijo.

Ugotovljeno je bilo, da nikljev vstavek vsebuje 7 at. %
silicija in 0,3 at. % Zeleza. Posebna bakrova zlitina vse-
buje nezazZelene faze, kot so svinec, oksidi na osnovi
aluminija in boridi. Boridi so Zelezovi, Zelezo-kromovi
ali le kromovi z razli¢nimi stehiometrijami med kovina-
mi in borom. Na litem spoju med nikljevim vstavkom
in posebno bakrovo zlitino je opazno meSanje obeh
zlitin, le na nekaterih mestih pa so poroznost in oksidi
preprecili nastanek ustreznega litega spoja. Oksidi na
osnovi aluminija in nekateri boridi lahko zaradi svoje
morfologije povzrocijo nastanek razpok.

Kljuéne besede: nikljeva zlitina, bakrova zlitina,
mikrostruktura, mikroanaliza

to thermal fatigue. In the glass mould industry,
a slightly modified special copper alloy is often
used, which in addition to copper also contains
15-16.5 wt. % Ni, 9.5-10.0 wt. % Al, 7.5-9.0 wt.
% Zn, 0.8-1.2 wt. % Si and up to 1.25 wt. % Fe,
0.2 wt. % Mn, 0.15 wt. % P, 0.1 wt. % Sn, 0.1 wt.
% Pb, 0.1 wt. % Cr, 0.1 wt. % Mg and 0.1 wt.
% Sb. The microstructure of these alloys gener-
ally consists of face-centred cubic a and cubic
-AlNi intermetallic phases or compounds with



space group Pm-3m (CsCl prototype) [4, 5].
A considerable amount of copper is soluble in the
intermetallic B-AINi phase, which affects its lat-
tice parameters and mechanical properties [6].

The moulds for making glass have nickel in-
serts and nickel plates in certain places. The
nickel inserts have a cast joint with a special
copper alloy, while the nickel plates are weld-
ed to a special copper alloy using a boron-
containing additive. This boron can form very
stable borides with iron and chromium [7-9].
The moulds for glass production are recycled
together with the nickel inserts and plates af-
ter their end-of-life cycle. The amount of recy-
cled material in the production of a new special
copper alloy is limited because of the need to
obtain the correct chemical composition of the
alloy and to limit other undesirable compounds
that accumulate in the alloy.

The objective of this work was to character-
ise the composition and microstructure of the
nickel insert, the special copper alloy, and the
cast joint after their end-of-life cycle as a glass
manufacturing mould.

Materials and methods

This paper characterises the microstructure
of the cast joint between a nickel insert and a
special copper alloy, which is part of a mould
used for the production of glass products. The
special copper alloy presented in this work was
made from used casting moulds. This mould
was analysed after the end of its life cycle. The
joint between a nickel insert and a special cop-
per alloy was cut out of the used mould. Smaller
pieces were mounted and metallographi-
cally prepared for light and scanning electron
microscopy by grinding and polishing with
diamond paste. Final polishing was performed
with a Si0, suspension.

Characterisation of the microstructure of
the nickel insert, the special copper alloy and
its cast joint was performed using optical mi-
croscopy, scanning electron microscopy (SEM),
and microanalysis. Light microscopy was per-
formed using a Zeiss Axio Imager Alm with
AxioCam ICc 3 and AxioVision software, while
SEM and microanalysis were performed using a
JEOL JSM-7600F scanning electron microscope
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with field emission gun and energy dispersive
X-ray spectroscopy (EDS) at an accelerating
voltage of 20 kV.

Results and discussion

The average chemical composition, determined
by EDS, is shown in Table 1. The results show
that the nickel insert consists of silicon and
iron in addition to nickel. The microstructure
of a nickel insert is shown in Figure 1. The
light microscopy image of the microstructure
in Figure 1a shows that large nickel dendrites
are present. The backscattered electron
image (BE) of the interdendritic region is
shown in Figure 1b. This region consists of a
heterogeneous structure of nickel and one or
more intermetallic phases, which could be
either {,-Ni Si, B,-Ni.Si, y-Ni, Si,, or ,-Ni,Si
according to the binary Ni-Si system [10-12].
According to this system, 3.5 wt. % Si lowers
the liquidus and solidus to about 1380 and
1310 °C, respectively.

Figure 2 shows the microstructure of the
special copper alloy. The chemical composi-
tion of this alloy, determined by EDS, is given in
Table 2. Among the elements found in the alloy,
the most important is iron, whose content is
limited in these alloys. Solidification of such an
alloy begins with primary solidification of the
intermetallic B-AINi phase, followed by a eutec-
tic reaction forming a heterogeneous structure
of a and B-AlINi [13]. Upon further cooling,
the solubility of copper in the 3-AINi phase de-
creases, and «, precipitates within the inter-
metallic B-AlINi phase [13]. In addition to these
two phases, other phases are present as inclu-
sions in the microstructure. These phases are
present due to recycling. As shown in Figure 2c,
these phases are darker than o and the inter-
metallic B-AINi phase. This fact indicates that
these regions consist of a significant amount of
elements with low atomic number.

Table 1: Chemical composition of the nickel insert
determined by EDS.

Ni Si Fe

at. % 92.8 7 0.3

wt. % 96.3 3.5 0.3
Naglic et al.



Figure 1: Light microscopy image (a) and BE image (b) of the nickel insert.

Figure 2: Light (a, b) and BE (c) images of the microstructure of a special copper alloy.

Table 2: Chemical composition of the special copper alloy determined by EDS.

Cu Ni Al Zn Si Fe
at. % 52.6 16.6 21.5 5.9 2.4 1.0
wt. % 61.8 18.0 10.7 7.1 1.2 1.0

Figure 3 shows a higher magnification BE  microanalyses are shown in Table 3. The areas
image with marked areas of microanalyses labelled 1 and 2 represent lead, which is very
of the special copper alloy containing several bright on the BE image due to its high atom-
darker and lighter phases. The results of the ic number. The regions labelled 3 and 4 are

Microstructure of a nickel insert, a special copper alloy, and a cast joint between them



related to darker phases on the BE image and
consist predominantly of boron. Region 3 con-
tains mostly chromium, but also some iron and
manganese. Other elements, including copper
and nickel, are detected due to the low analyt-
ical spatial resolution. Considering only boron,
chromium, iron, and manganese, this boride
has a composition of 78.9 at. % B, 17.2 at. % Cr,
3.6 at. % Fe, and 0.3 at. % Mn. According to the
binary B-Cr and B-Fe and ternary B-Cr-Fe and
B-Fe-Mn systems [7-9, 14], this boride could be
of the CrB, type with the space group Immm.
This boride can contain up to 7 at. % Fe at an
equilibrium temperature of 1080 °C [9].

The boride in Region 4 contains predomi-
nantly chromium, iron and manganese, while
other elements with significant contents were
detected due to low analytical spatial resolu-
tion. Considering only these four elements, the
composition of this boride is 67.5 at. % B, 16.1
at. % Cr, 15.5 at. % Fe and 0.9 at. % Mn. The
composition of this boride is very close to the
CrB, boride type with space group P6/mmm
[7, 9]. According to the ternary B-Cr-Fe system
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Figure 3: BE Image of the microstructure of a special copper
alloy with marked areas of microanalyses.

[9], this boride can only contain up to 2 at. %
Fe at 1080 °C. However, the temperature com-
monly used in melting and holding the melt
of this particular copper alloy is much higher.
The liquidus temperature for the copper alloy
in question was found to be between 1170 and
1180 °C [13], while the melt is normally held
at temperatures at least 100 °C higher during
the production process. This means that the
borides are kept at temperatures probably at
least 200 °C higher than the temperature des-
ignated in the ternary B-Cr-Fe system [9]. This
could also mean that the solubility of the iron
could be higher at these temperatures. Lastly, it
is possible that the boride itself is not an equi-
librium phase at all. The solubility of the 0.9 at.
% Mn is quite likely; however, since manganese
itself forms MnB, with the same crystal struc-
ture and space group P6/mmm, it is hard to tell
them apart [14, 15]. Yet, the boride in Region
4 exhibits an acicular morphology, which is a
typical characteristic of hexagonal phases or
compounds.

Region 5 corresponds to a copper-rich cubic
solid solution that also contains aluminium,
zinc and some nickel. Region 6 is related to
the B-AINi intermetallic phase that contains
aluminium and nickel as well as copper, silicon
and some iron. The detection of zinc in Region
6 is most likely again the result of low analytical
spatial resolution.

Figure 4 shows the BE image of the special
copper alloy at various magnifications. Figure 4b
also shows the regions of the microanalyses, which
correspond to a darker particle similar to the
borides in Figure 3 in the first case and a large dark
and thin phase in the second and third. The results
of the microanalyses are shown in Table 4.

Table 3: EDS microanalyses of the areas shown in Figure 3 in at. %.

B 0 Al Si P Ti Cr Mn Fe Ni Cu Zn Mo Pb
1 - 11.4 2.2 - - - - - - 28 248 23 - 56.5
2 - 10.6 7.9 - - - - - 0.7 129 356 41 - 28.2
3 755 - 02 01 02 01 165 03 34 1.1 19 02 03 -
4 623 - 1.3 02 04 - 149 08 143 1.8 37 04 - -
5 - - 10.5 0.8 - - - - 0.3 34 76.7 82 - -
6 - - 32.9 5.2 - - - 02 19 342 233 23 - -
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Figure 4: BE Images of the microstructure of a special copper alloy (a) and magnified detail with marked areas of microanalyses (b).

Table 4: EDS Microanalysis of the areas shown in Figure 4b in at. %.

B 0 Mg Al Si S Cr Mn Fe Ni Cu Zn Pb F
1 526 0.69 057 115 381 1.61 2.06 3.21
2 42.7 57 22.2 0.3 0.3 1.7 244 28
3 355 4.3 19 0.7 0.5 11 249 39 03

The particle in Region 1 represents the
boride, which also contains iron, manganese,
and chromium. Considering only boron, iron,
manganese, and chromium, the composition of
this boride is 56.9 at. % B, 41.2 at. % Fe, 1.2 at.
% Mn, and 0.6 at. % Cr. Since this boride con-
tains mainly only iron, we can primarily use the
B-Fe binary system to look for a possible candi-
date. According to the binary system, only FeB
exists with the space group Pbmn containing
50.0 at. % B. The other boride from the same
binary system contains even less boron [8].
The borides from the ternary systems B-Cr-Fe
and B-Fe-Mn [9, 14] all contain much smaller
amounts of iron, so FeB, which also has infinite
solubility of manganese and chromium, is the
closest equilibrium phase. However, it is more
likely that this boride is metastable and will
continue to transform to a more stable form
during cooling and service time.

Regions 2 and 3 correspond to a thin dark
line, which, as shown by the analyses in Table 4,
is aluminium oxide that also contains some mag-
nesium. Other elements with significant con-
tents are probably detected because of the low
analytical spatial resolution. The formation of an
aluminium-based oxide is to be expected since
aluminium is the alloying element with the most
thermodynamically stable oxides in this alloy
and, consequently, all surfaces exposed to oxygen

would form this oxide. Such oxides are common-
ly found in these alloys.

Figure 5 shows light and BE images of the
cast joint between the nickel insert and the
special copper alloy and a dark thin line near
the joint that resembles the oxides described
earlier. Figure 5a shows part of a cast joint
where mixing of both alloys took place. Such a
joint is desirable. Figure 5b, on the other hand,
shows an area of the joint where dark pores
and a thin dark line are both present at the
boundary between the special copper alloy and
the nickel insert. It can be seen that no mixing
took place in this part of the joint. Such areas
are undesirable due to their inferior mechan-
ical properties. In addition, these areas prob-
ably contain an oxide layer common in the
investigated copper alloy, which by itself pre-
vents the mixing of the two alloys. The shape
of this oxide layer can also lead to the cracking
and ultimate fracture of such a mould during
service time. Figure 5c shows the BE image of
a cast joint with a thin dark line near the joint
similar to the aluminium-based oxides charac-
terised earlier. In Figure 5d, this part is shown
enlarged, and microanalyses were performed
in two areas, as shown in Table 5. Both analy-
ses confirm that aluminium-based oxides are
present in both regions and probably contain
some magnesium, chromium, and silicon. Other

Microstructure of a nickel insert, a special copper alloy, and a cast joint between them
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Figure 5: Light (a, b) and BE images (c, d) of the microstructure of a special copper alloy.

Table 5: EDS microanalysis of the areas shown in Figure 5d in at. %.

0 Na Mg Al Si S

Ca Cr Mn Fe Ni Cu n

1 558 09 36 165 54 0.2
2 54.5 - 40 210 34 -

0.5 0.8 - 1.1 2.9
0.4 1.1 0.2 1.5 2.7

113 1.0
10.0 1.1

elements were most likely detected due to the
low analytical spatial resolution.

The results of this work show that the spe-
cial copper alloy contains several undesirable
phases, many of which are a consequence of re-
cycling. Lead and boride inclusions are certain-
ly a result of recycling, while aluminium-based
oxides found were probably formed during cast-
ing. However, aluminium-based oxides can also
survive during remelting if not removed phys-
ically. These oxides could lead to the moulds
cracking. Borides also accumulate in the alloy
as a result of recycling. The borides found in
this work are either iron-, iron-chromium-, or
chromium-based, and all contain some man-
ganese. These borides also have different mor-
phologies and stoichiometries with respect to
the metal/boron ratio and are not necessarily
equilibrium phases. Some morphologies, such
as the acicular morphology shown in Figure 3,
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could also be potentially harmful, as they can
lead to the formation of cracks.

Conclusions

This work deals with the composition and
microstructure of the nickel insert, the special
copper alloy, and the cast joint between them.
The results show that the nickel insert con-
tains 7 at. % Si and 0.3 at. % Fe. The special cop-
per alloy, in addition to the intermetallic 3-AINi
phase and the cubic copper-based solid solu-
tion, also contains some undesirable phases,
including lead, aluminium-based oxides, and
borides. Borides can be either iron-based, iron-
chromium-based, or chromium-based with dif-
ferent stoichiometries for metallic components
and boron. All of these borides also contain
small amounts of manganese. Aluminium-based

Naglic¢ et al.



oxides and some borides can potentially lead
to cracking due to their morphology. The cast
joint between the nickel insert and the special
copper alloy generally shows mixing of the two
alloys, which is desirable. In some areas of the
joint, we observed porosity and, most likely, an
oxide layer that prevented the two alloys from
mixing. Such parts of the joint are not desirable,
as they deteriorate the mechanical properties
of the joint.
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