Journal of Metallurgical and Materials Engineering
DOI: 10.22067/jmme.2022.75465.1041

173 Vol.33, No.2, 2022 ( 173-184)
https://jmme.um.ac.ir/

Investigation of the effect of copper addition
on the phase equilibrium and the

microstructure of 410s stainless steel
Research Article

Mehdi Bahmani Oskooee!

1-Introduction

Copper, as a metal element with antibacterial properties,
has been the focus of researchers in recent years. The
addition of copper to the chemical composition of steels
causes antibacterial properties and improves mechanical
properties such as hardness. Therefore, investigation of
the effect of adding different contents of copper to the
chemical composition of steel alloys that were used in
biological environments, on the phase equilibrium in the
microstructure is too important. Among the steel alloys
used in biological applications, due to their high corrosion
resistance and desirable mechanical properties, stainless
steels have high efficiency and attractiveness in the
manufacture of surgical and medical equipment as well as
implants. Among stainless steels, the 410s, which is in the
category of martensitic stainless steels, has higher
strength and hardness than ferritic and austenitic stainless
steels due to the martensitic microstructure. According to
the research, antibacterial properties were created after the
precipitation hardening process of copper-bearing
stainless steels, due to the formation of nano copper
particles in the matrix phase. Investigation of other
properties of these steels, such as mechanical properties
and corrosion resistance, can be predicted according to the
existent phases in their final microstructure. In recent
years, the use of computing software for predicting phase
changes and modeling diffusional processes has increased
due to the high computational accuracy. The software
such as ThermoCalc and MatCalc are powerful tools for
performing thermodynamic calculations before starting
research. Therefore, the use of this softwares before
starting the practical part of a research, while predicting
the amount and type of existing phases that can be formed
in the final microstructure under different temperature
conditions, can be very effective in designing the right
path to carry out the practical part of the research in a
completely optimal process. In this study, the prediction
of the type of formed phases, the amount of each phase,
and the distribution of alloying elements in each phase at
the temperature of solution annealing heat treatment, for
steel samples with different amounts of copper were
investigated by the software package MatCalc version
6.00. In order to verify the accuracy of the calculations
made by MatCalc software, a practical investigation of the
equilibrium phases in the matrix phase in the
microstructure of 410s stainless steel with different
amounts of copper was carried out.

2- Experimental

Four ingots were prepared by remelting commercial AlSI
410s bars with pure copper in a vacuum arc remelting
(VAR) furnace. The thickness of the initial ingots was
reduced by 60% by performing several stages of hot
rolling. The hot-rolled strips were homogenized for 24 h
at 1100°C in a vacuum furnace at 10 mbar. Table (1)
shows the chemical composition of the samples.

Table 1: Chemical compositions of the studied steels in wt. (%0)

Sar:p' C cr Cu Mn Fe
1 | 0010 | 12.14 | 0.06 | 0.68 | Bal
2 | 0013 | 1204 | 152 | 053 | Bal
3 | 0010 | 1212 | 273 | 0.64 | Bal
4 | 0011 | 11.92 | 474 | 067 | Bal

The samples were solution annealed at 1000°C and
quenched in oil. The microstructure of the samples was
investigated by means of scanning electron microscopy
which was equipped with energy-dispersive X-ray
spectroscopy (EDS). Also, the phase equilibria and the
phase fractions at 1000°C were calculated using the
software package MatCalc version 6.00.

3-Results and Discussion:

3-1- Scanning electron microscopy

Figure (1) shows SEM micrographs of the microstructure
of samples after solution annealing and oil quenching. In
Fig. (1) the o represents ferrite and the o" indicates
martensite. In this way, the dual-phase microstructure
including ferrite and martensite for sample (1) (410s steel
without copper), sample (2) and (3) is shown in Fig. (a),
(b) and (c) respectively. The matrix phase in the sample
(2) is ferrite with the layer of martensite. In samples (2)
and (3), the matrix phase is martensite, where a limited
amount of allotriomorphic ferrite is in the grain boundary
of primary austenite grains. In sample (4) there is no
ferrite and the microstructure is completely martensitic,
but inhomogeneous precipitates of copper can be seen at
the grain boundaries of primary austenite grains, which is
indicated by an arrow in the picture.

According to Fig. 1, the phase fraction of ferrite
decreases with increasing of Cu in samples. The addition
of 4.7 wt% Cu to this steel eliminates the ferrite from
qguenched microstructure and causes to creation of the
fully martensitic microstructure.
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Figure 1: SEM micrograph of samples, a) sample 1,
steel without Cu, b) sample 2, steel with 1.5 wt. % Cu,
c) sample 3, steel with 2.7 wt. % Cu, d) sample 4, steel
with 4.7 wt. % Cu.

Table (2) shows the results of SEM-EDS of the areas
identified in the scanning electron microscopy images in
Figure (1). In order to increase accuracy, the elemental
analysis of the specified areas was repeated three times for
each sample. The average results of the analysis for each
sample are presented in Table (2). According to the
results, it is clear that the concentration of chromium in
the ferrite phase of each sample is higher than that of the
martensite phase, and the weight percentage of copper in
the martensite phase is higher than that of the ferrite
phase. It is also clear that the precipitates in the
microstructure of the sample (4) are rich in copper, which
were formed at solution annealing temperature and in
equilibrium with austenite and remained in the
microstructure after quenching.

According to these results, it is clear that in the
microstructure of samples (1), (2) and (3), two phases of
a and y are in equilibrium at a temperature of 1000 °C.
Although according to this table, it is clear that the mole
fraction values of two phases in equilibrium at this
temperature are different for each sample. The
comparison of the mole fraction of two phases y and a in
the samples shows that with the addition of copper to the
chemical composition of this steel, the value of the a
phase at a temperature of 1000 °C is reduced and the value
of the y phase is increased. Also, the results showed that
in the sample (4), unlike other investigated samples, at a
temperature of 1000 °C, the matrix phase is only y phase,
which is in equilibrium with about 1% fcc pure Cu.

Table 2: SEM-EDS results

wt% Cr Cu Fe
(a)-o’ | 11.84 - 87.24
(a)- a 12.63 - 86.26
(b)- o’ 11.21 | 2.12 85.6
(b)- a 13.49 1.6 83.64
(c)- o’ 11.88 | 2.67 | 84.37
(c)- a 14.66 | 1.83 | 82.31
(d)-a' | 11.76 | 4.69 | 81.02
(d)- @ 6.28 | 52.92 | 39.69

3-2- MatCalc

In Table (3), the comparison of the molar fraction of the
equilibrium phases and the weight percentage of
chromium and copper elements in each phase in the
microstructure of the samples at the solution annealing
temperature (1000 °C) has been provided.

Table 3: The phase fractions and phase chemistry of the
studied steels at solution-annealing temperature (T=1000°C)

sample 1 2 3 4
fy (%) 65 86 92 99
fu (%) 35 14 8 0

Cry Wt.9%) | 1144 | 1172 | 11.93 | 12.05
Cra (Wt%) | 1344 | 13.96 | 14.37 -

Cuy (Wt.%) | - 155 | 277 | 3.79
Cuq (Wt.%) - 135 | 232 | 0.00

4- Conclusion

1- 410s stainless steel with copper content less than about
3 wt. %, after solution annealing at 1000°C and
quenching in oil, have dual-phase microstructure.
Increasing the copper content decreases the amount of
ferrite phase and increases the amount of austenite
phase at the solution annealing temperature, and after
the transformation of austenite to martensite during
quenching, it increases the amount of martensite.

2- Increasing the copper content in the chemical
composition of alloys to more than its maximum
solubility in the austenite phase caused the formation
of inhomogeneous precipitates along the primary
austenite grain boundary at a temperature of 1000 °C,
and after quenching, a martensitic structure with grain
boundary Cu rich precipitates was created.
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