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Abstract: In this research, the effect of initial microstructure and solution treatment on rollability and
crystallographic texture of a Cu-Mn-Ni-Sn alloy has been investigated. The initial tests indicated that the rolling of
the alloy at different temperature was not possible due to formation of second phases. Therefore, to eliminate the
phase segregation, proper temperature for solution treatment was selected as 750°C using DTA data. The obtained
results showed that after 15-hour solution treatment at this temperature, the complete elimination of Sn, Mn, Ni, and
Fe-rich phases may be achieved. Also, XRD data showed shift of peaks to higher angles indicating that the alloying
elements were dissolved in the structure. Meanwhile, the intensity of the texture reduced and the dominant texture
changed from Goss and Brass-texture to Copper-texture. Accordingly, the amount of maximum total reduction at the
rolling process increased from 16.37 to 109.46 after solution treatment.
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1. INTRODUCTION

The main parameters for selecting brazing alloys
for the joining of the engineering parts are melting
temperature and wettability of the filler material
and strength, fracture toughness, and corrosion
resistance of the joints [1, 2]. Apart from the
unique physical properties of Cu, brazing alloys
based on Cu-Ni-Mn are suitable candidates for
the dissimilar joining of steel, especially stainless
steel to the copper alloys [3-5]. In the past years,
investigations have been performed to modify this
three-constituent composition to improve brazing
joints [6, 7]. One of the most important classes of
brazing alloys in this system are Cu-Mn-Ni-Sn
alloys and especially the grade of this system
which contains Fe, Si, and B is known as PM17.
This alloy is used for brazing Cu-Cr-Zr-Ti alloy
to the steel parts [1, 8], brazing three-layer
structure of high-strength steels [9], and the
brazing of Cu-Cr-Zr bronze to SS321 [10]. Since
the brazing process is based on the capillary
attraction property, the filler of the brazing should
be placed in the designed thin gap [1]. According
to the published research, the PM17 brazing alloy
has been used as filler brazing with a small
thickness from 0.08 to 0.3 mm in the form of
strips and foils [8-10]. Therefore, the rollability of
this brazing alloy to reach a small thickness is

very important. In the rollability studies,
improvements were obtained by adding alloying
elements or applying proper heat treatment [11-
16]. The deformation of alloys containing Sn
(similar to PM17 alloy) such as Cu-Sn [17, 18],
Cu-Ni-Sn [19, 20], Cu-Zn-Sn [21] have been
studied recently but up to our knowledge, there is
no report on the rollability of this brazing alloy.
Due to the high amount of alloying elements in
the alloy with a nominal composition of Cu-(15-
17)Mn-(12.5-14)Ni-(5-6) Sn-(0-1-2) Fe-(0.2-0.6)
Si-(0.15-0.3) B (%wt), [10] which could
remarkably have affected formability, the study
on the rolling process of this alloy is substantial
for developing its application in dissimilar
joining. In this investigation, improving the
rollability of PM17 alloy with the help of special
heat treatment was examined by microstructural,
thermal, and texture studies as well as applying
experimental rolling tests.

2. EXPERIMENTAL PROCEDURES

PM17 alloy according to nominal composition
(Cu-17Mn-13Ni-5.5Sn-1.5Fe-0.4Si-0.2B (%Wt))
was prepared by vacuum induction melting
furnace using pure charge materials. A vacuum of
5*10 mbar was followed by melting under a
high purity Argon atmosphere at a pressure of
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800 mbar. Positive pressure was used to reduce
manganese evaporation [22]. Both as-cast and
solution treated specimens were rolled by a plate
mill with rolls 350 mm and 100 mm in diameter.
Different rolling temperatures of 25°C, 380°C,
480°C, 570°C, and 670°C were applied to the
samples. Solution treatments were performed at
750°C for 1, 5, 10, 15, and 20 hours under Argon
atmosphere. To achieve low thickness in the
solution treated samples, a four-high rolling mill
with 100 mm working rollers was used. The
thermal transitions of the alloy were studied using
NETZSCH STA 409 differential thermal analyzer
at a heating rate of 10°C/min. Characterization of
the specimens was done by X-ray diffraction
(XRD) in a Seifert 3003TT diffractometer using
Cu Ka radiation. The X-ray macrotexture analysis
was performed by Asenware XDM300. The
microstructures of the specimens were also
studied by a field emission scanning electron
microscope (FE-SEM MIRA TESCAN) equipped
with an energy-dispersive spectrometer (EDS).
ProCAST 2012 software was utilized to simulate
the wvariations of solid fraction versus
temperature.

3. RESULTS AND DISCUSSIONS

3.1. Phase evolution and microstructure

In order to investigate the rollability of the PM17
alloy, different rolling temperatures were applied
to the as-cast samples. These temperatures were
used to cover the cold, warm and hot working
temperature range. Interestingly, in all of the
rolled specimens, fracture occurred at the first
step of the rolling. This fracture also occurred
after applying the minimum possible reduction
per pass (0.5 mm). The longitudinal cracks
(which could be also considered as long tears)
occurred in the samples suggesting that the reason
for this failure might be microstructural problems.
In order to determine the mode of fracture, the
fracture surfaces of the specimens were studied
by optical and scanning electron microscopes. A
dendritic structure and microvoids between the
dendrite arms as a result of the solidification
process were distinguished in the fracture surface
(Fig. 1). This microstructure was expectable due
to the solidification of alloy with several alloying
elements. In fact, hot work processes are typically
used to remove such a dendrite structure.
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However, due to the fact that the hot rolling of the
as-cast specimen also led to cracks, the possibility
of microstructural segregation was considered for
low workability. Although the bulk composition
of the alloy was controlled by EDS, the large
number and difference of atomic radius and
melting temperature of alloying elements can
cause compositional segregation. Therefore, for
more details, the microstructure of as-cast alloy
was studied by FE-SEM.

Fig. 1. Topography image fro the fractred surface
of the rolled as-cast specimen

Fig. 2 (a) and (b) show the microstructure of the
as-cast alloy in two magnifications. The EDS
analysis of the segregated phases denoted by A to
D are presented in Table 1. Since the phases with
different average atomic numbers in the
composition have different contrasts in the BSE
mode of SEM images, the presence of the four
phases in addition to the matrix of the as-cast
alloy was revealed by SEM investigations. As it
is clear, the brightest phase (indicated by A) is
rich in Sn which has the highest atomic number
among the alloying elements. Also, this phase
contains noticeable amounts of Mn and Ni
elements. However, the phase indicated by B
was a Cu-based phase and contained Sn more
than the nominal composition of the alloy.
Moreover, from the results of Table 1, the C and
D zones were Ni-Mn and Fe-Mn rich phases,
respectively. Finally, the EDS of the matrix is
presented by E in Table 1.
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Fig. 2. Backscatter FE-SEM images of (a) and (b) as-cast, (c) and (d) solution treated sample at 750°C for 10 h,
(e) and (f) solution treated sample at 750°C for 15 h

Table 1. The results of EDS analysis from segregated phases in as-cast alloy indicated in Fig 2 (b)

Cu Ni Mn Sn Fe Si
Point A 16.73 21.7 17.21 43.72 - 0.64
Point B 60.55 10.99 15.64 12.10 0.5 0.22
Point C 9.03 44.90 32.76 2.37 0.93 10.02
Point D 2.27 11.01 35.68 0.64 50.12 0.25
Point E 66.30 12.76 15.06 4.99 0.75 0.14
a0
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3.2. Thermal analysis

Differential thermal analysis was used to
determine the phase transition temperatures of the
alloy. DTA result exhibited five endothermic
peaks indicating the occurrence of phase
transitions as can be seen in Fig. 3.

The last peak present in the DTA curve occurred
at the temperature range of 850°C to 1000°C
which can be attributed to the melting of the alloy.
The extremum of this peak which shows the
melting temperature of the alloy is equal to
960°C. The four other peaks might have been
caused by solid-state phase transitions. The
microstructural observations confirmed that the
four peaks obtained from the DTA result might be
attributed to the formation of the four segregated
phases in the microstructure of the as-cast alloy
(Fig. 2 (a) and (b)). There are some techniques for
acquiring homogeneity during melting and
casting of the alloys with different alloying
elements such as using masteralloys and rapid
solidification [23, 24] which were applied for
PM17 alloying. However, segregation in the
microstructure of the as-cast alloy was inevitable.
To further clarify the phase transitions, the
microstructure of the solution-treated specimens
was studied. According to DTA curve, the

temperature of 750°C which is higher than all four
transition temperatures and lower than the
melting range was selected. The observations of
the heat-treated samples for 1, 5, 10, 15, and 20
hours made it clear that somehow the solution of
the segregated phases occurred gradually and
required a relativity long heat treatment time.
Fig. 2 (c) and (d) represent the microstructure of
the solution-treated alloy after 10 hours. From
these figures, it is obvious that three segregated
phases still remain in the microstructure of the
alloy even after 10-hour solution treatment. From
the EDS results, presented in Table 2, no more Sn-
rich phases were detected in the microstructure.
However, the first segregated zone denoted by F
was identified as a Ni-rich phase.

It seems that this phase was formed due to the
diffusion of the Mn and Sn atoms from phase C to
the matrix in the as-cast microstructure after
solution treatment. Similarly, complex and
simultaneous diffusion of the alloying elements
including iron, manganese, and nickel during
solution treatment has been effective in the
formation of new phases G and H. However,
comparing Table 1 and 2 clearly confirmed that
the solution treatment at 750°C for 10 hours was
incomplete. Therefore, longer heat treatment was
applied to the specimen.
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Fig. 3. DTA curve of the as-cast specimen obtained at a heating rate of 10°C/min
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Table 2. The EDS analysis results of the segregated phases in the solution treated alloy (at 850°C for 5 hours) as

indicated in Fig 2 (d)
Cu Ni Mn Sn Fe Si
Point F 5.18 58.61 21.57 1.22 0.37 13.05
Point G 8.91 12.90 32.84 2.46 42.65 0.24
Point H 4.30 14.05 29.19 1.40 50.75 0.32
Point I 64.39 11.97 15.39 7.56 0.40 0.28

The microstructure of the 15-hour solution treated
specimen is demonstrated in Fig. 2 (e) and (f). No
more segregated phases were observed in the
microstructure suggesting complete solution
treatment after 15 hours. The scattered points in
these images are clearly due to pitting corrosion
created by the etching solution.

For an overall conclusion, the results of the FE-
SEM and DTA images (Figs. 1 and 2) showed that
in addition to the matrix, four segregated phases
exist in the as-cast microstructure. The solution
transformation of these phases showed
endothermic peaks in the DTA curve. This could
be attributed to the diffusion of Sn, Mn, and Ni
atoms. According to the microstructure of the
heat-treated specimens, the solution of the
segregated phases is time-dependent and could be
completed after 15 hours. Obviously, increasing
the heat treatment time after complete solution
treatment will not have a new effect on the
microstructure, which was confirmed by a sample
of 20 hours of heat treatment.

3.3. Crystalinity of the samples

In Fig. 4 the XRD patterns of the as-cast and 15-
hour solution treated samples are presented.
Segregated phases detected in the FE-SEM
observations didn’t show any peaks in the XRD
pattern of the as-cast alloy. It can be interpreted as
low amount of segregated phases in the
microstructure of as-cast specimen (Fig. 2 (a))
which were not enough to be detectable in the
XRD analysis. In addition, EDS analysis of the
matrix of the alloy (point E in Table 1) was very
close to the nominal composition of the alloy
suggesting that the segregation didn’t deviate the
matrix composition, remarkably. Moreover,
according to the atomic radius of the base
elements of Cu, Ni, Mn, and Sn which are 1.28,
1.24, 1.26, and 1.62 A, respectively and also by
considering the large difference between the
atomic radius of Sn and Cu; it seems that this
element had the key role in reducing the
diffraction angles of the as-cast alloy compared to

pure copper. In fact, having a solution or
compound with the Sn element which has a larger
atomic radius resulted in the increase of the
distance of the crystallography planes (d) and
therefore the diffraction angles (20) of the as-cast
alloy shifted to the left compared to pure copper
(dashed lines). On the other hand, in the solution
treated sample, with the solution of other
elements such as Mn and Ni which have smaller
atomic radius compared to the base metal, the
distance of the crystallographic planes (d)
reduced and as a result, the diffraction angles (20)
of the solution treated sample slightly increased
compared to the as-cast sample. Accordingly, the
peaks of the solution treated specimen got closer
to the diffraction angles of copper.
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Fig. 4. XRD patterns of as-cast and 15-hour solution
treated specimens. Diffraction angles of standard
pattern 00-001-1241 corresponding to pure copper are
shown as dashed lines

3.4. Texture investigation

The results of texture analysis on the as-cast and
solution treated specimens after one-pass rolling
(15% strain) are demonstrated in Fig. 5 and 6.
Applying more strain to the as-cast specimen, as
will be explained later, would cause cracks. For
each sample, four pole figures were measured.
The orientation distribution functions (ODF)
were calculated from this data (Fig. 5) and then
recalculated pole figures were obtained from
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ODF (Fig. 6). In General, reducing the intensity
of overall texture in the solution treated specimen
compared with the as-cast sample can be deduced
from the ODFs and pole figures. In FCC metals,
by considering whole Euler space and typical
texture fiber, usually three angles of ¢ including
0°, 45°, and 65 have been used for the texture
analysis [25-27].

It should be noted that due to the crystalline
symmetries in the FCC metals, section of 90° is
similar to 0°. The high magnification images of
these angles are also shown in Fig. 5. As can be
seen, reducing brass-Texture {110}<112> and
Goss texture {011}<110> and increasing copper-
texture {112}<111> in solution treated specimen
can be distinguished from the 0° and 45° images.
Also, a slight decrease in the S-texture observed
in 65° section. Meanwhile, comparing pole
figures of {111}, it can be inferred that the
intensity of Goss and Brass-textures decrease as
solution treatment occurred (Fig. 6). However, the
intensity of S and Cu-textures increased. Again,
in {220}-pole figures, it can be seen particularly
from the center of pole figure, where is the

indication place for Goss- and Brass- texture, the
intensity of these textures decreased after solution
treatment. In fact, Knowing that copper element
has high stacking fault energy (SFE), the texture
of the as-cast alloy shows features of FCC metal
which its SFE reduces by adding alloying
elements. The results showed that the texture of
as-cast alloy is more similar to transition texture
from pure metal to alloy texture. However, after
solution treatment, the feature of texture is more
similar to the texture of high SFE pure metals. It
seems by the solution of alloying elements in the
matrix of the alloy, the {111} pole figure of the
specimen becomes more like pure FCC metals.
The changes of pole figures by adding elements
to an FCC metal have been discussed elsewhere
[26, 28]. This is consistent with the ODF results
showing reduction of the intensity of Brass-fiber
and increasing that of Cu-fiber occurred
simultaneously after solution treatment. In the
FCC metals with lower SFE, It has been found
that the copper-oriented grains rotated around the
<110> crystallographic axis and develop Brass
and Goss texture [27].

Max 2
1.00
1.40
5 (02=45
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Fig. 5. ODF images of (a) as-cast and (b) solution treated specimens where the sections related to the three
important angles in FFC metals are presented with higher magnification. This image also shows the location of
typical texture fibers in FCC metals
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Also, it is worth mentioning that the ODF patterns
of solution treated specimens in all three angles
are more similar to typical patterns developed in
the rolled copper foils [25].

The importance of the obtained results is due to
the fact that many studies show the effect of
solution treatment and crystalline texture
modification on rollability [29-31]. In order to
evaluate the rollability after the solution treatment
procedure, the solution-treated samples were
rolled at various temperatures. Observations
showed that the longitudinal cracks occurred in
the warm and hot working procedure which was
similar to the as-cast specimens. However,
relatively high reductions (for example 7 to 2 mm
in thickness) could be achieved by rolling at room
temperature without any cracks. Modification of
microstructure by heat treatment to improve
rollability was reported in previous work on other
alloys [28, 32-35].

The rolling data of the as-cast and solution treated
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alloys for the cold and hot working procedures are
presented in Tables 3. As can be concluded from
this table, although a failure in the as-cast
specimens occurs after two rolling passes, the
solution treated samples could be rolled for up to
seven passes at room temperature. Moreover,
further reduction to produce a metal foil with a
very fine thickness (e.g. 0.1 mm) using a four-
high rolling mill is possible by intermediate
annealing in the solution treated samples.
Nevertheless, the results of rolling at 670°C
revealed that even after solution treatment, hot
rolling of the alloy is impossible. For a better
evaluation of the rollability, the maximum total
reduction (MTR) and maximum reduction per
pass (MRPRP) were compared in Fig. 7. As can
be seen, although the MTR of the as-cast
specimen is 16%, it is about 109% for the
solution-treated sample. Meanwhile, twice the
amount of MRPRP could be achieved in the
solution treated specimen at room temperature.

(b)
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Fig. 6. Pole figures of texture: (a) and (c) as-cast specimen; (b) and (d) solution treated specimen
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Table 3. The rolling data obtained from the as-cast and solution treated alloy rolled at at room temperature

and 670°C
Condition pass initial final True Eng Strain | Strain rate
number thickness thickness strain (%)
As-cast (RT) 1 7 6.5 0.07 7.14 1.45
2 6.5 5.9 0.10 9.23 1.73
3 5.9 Failure - - -
Solution treated (RT) 1 7 6.4 0.09 8.6 1.6
2 6.4 5.7 0.12 10.9 1.9
3 5.7 4.8 0.17 15.8 2.5
4 4.8 4 0.18 16.7 2.8
5 4 3.2 0.22 20 3.5
6 3.2 2.4 0.28 25 4.5
7 24 2.1 0.13 12.5 34
As-cast (670°C) 1 7 Failure - - -
Solution treated 1 7 6.3 0.10 10 1.75
(670°C) 2 6.3 5.1 0.21 19.04 2.67
3 5.1 Failure - - -
120 e BMIR segregated phases with various hardness and
OMRPRP formability could not be elongated uniformly
100 . . .
along the rolling direction. Therefore, non-
uniform distribution of strain and strain rate could
" be created which can cause instability in the
rolling sample. Accordingly, cracks could be
60
nucleated and progressed around the segregated
w0 phases, especially at the softer phases such as the
20.05 Sn-rich phase. It has been found that the second
' - e phases according to their mean size, distribution,
8.1 and hardness act as strengthening factors [36-38]
0 * ¢ and workability reducing factors [39]. Similar
as-cast (RT) as-cast (HW) S.T. (RT) S.T. (HW)

Fig. 7. The values of maximum total reduction (MTR)
and maximum reduction per pass (MRPRP) in the
as-cast and solution treated specimens (S.T.) at
room temperature (RT) and hot working
conditions (HW) with some related real pictures
of the specimens.

On the other hand, hot rollability was not
improved remarkably even after solution
treatment. To ensure that the hot workability of
the alloy was not affected by the apparatus
parameters of the hot rolling process, a standard
tension test at 670°C was performed on the
solution-treated specimen.

The result showed the elongation of the alloy is
very low at this temperature confirming the poor
workability observed in the hot rolling process.
To interpret the rolling results, it must be
considered that the rollability of the alloy was
significantly improved in the solution-treated
samples (Fig. 7 and Table 3). This originates from
the fact that in the multi-phase microstructure, the

3 |

iy

explanations about the effect of the second phase
on the rollability of the AZ31 alloy were reported
in the previous research [13]. Meanwhile,
reducing the intensity of texture and changing
dominant texture from Brass and Goss-Fibers to
Cu-fiber led to improve rollability after solution
treatment. Therefore, the increase of the MTR and
MRPRP in the 15-hour solution treated specimens
(Table 3 and Fig. 7) could be interpreted by
preventing  the  deformation  instability.
Conversely, the capability of the hot rolling was
not noticeably improved even after the 15-hour
solution treatment (Table 3 and Fig. 7). In order
to get a deeper insight into the reasons for the
cracking during the hot working, state changes of
the alloy were simulated by Pro-CAST software.
The estimation of the solid volume fraction versus
the temperature showed that even at 500°C the
fraction of the solid is lower than 1. Therefore, the
presence of the liquid phase in the microstructure
is a possible explanation for the nucleation of the
cracks during hot working. Even though the
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segregated phases were eliminated from the
microstructure by a 15-hour solution treatment,
some phases with low melting points could once
again form during the pre-heating in the hot
rolling process. On the other hand, the Sn-rich
phase containing 43%wt Sn (region A in Fig. 2
(b)) segregates at the microstructure which might
be a multi-component phase with a low melting
temperature. Interestingly, our experiments
showed that approximately similar results could
be achieved by the warm rolling of the alloy at a
temperature range between 200-500°C. As
mentioned before standard warm tension test was
performed at 670°C to make sure that the poor
workability which was observed is not affected by
the rolling processing parameters. The result
confirmed that re-segregation of second phases
after pre-heating reduces the formability of alloy
which is the reason for the failure of high
temperature rolling processes.

4. CONCLUSIONS

- The segregated phases rich in Sn, Mn, Ni, and
Fe in the microstructure of the PM-17 alloy
causes the formation of cracks during the rolling
process.

- Solution treatment at 750°C for 15 hours was
applied in order to eliminate the formation of
segregated phases and to reduce Brass and
Goss-textures in the specimen. This is the only
way to roll the alloy into small thicknesses.

- By applying solution treatment, the amounts of
MTR and MRPRP compared with the as-cast
samples increased from 16.37 and 8.19 to
109.46 and 15.64, respectively. However, due to
the re-formation of the low melting temperature
phases, proper hot rolling was not possible even
for the solution-treated samples.
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