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ABSTRACT

The Ag-bearing antibacterial stainless steel has attracted substantial attention in the field of bacterial prolifer-
ation prevention. In this study, a Cu–Ag alloy was incorporated into a CD4MCu duplex stainless steel (DSS)
to produce a good antibacterial property. The Ag-bearing CD4MCu duplex stainless steel samples were con-
ducted solid solution treatment at various temperatures. The effects of the solid solution temperature on the
microstructure, mechanical and corrosion properties, as well as silver ion release characteristics and antibac-
terial properties were investigated. Results show that apart from the original �, � phases, Ag-bearing phases
were formed in all samples after solid solution at different temperatures. The volume fraction of � and Ag-
bearing phases decrease with increasing solution temperature. The tensile strength, hardness, elongation, and
corrosion resistance first decrease and then increase along with the increase in the solid solution temperature.
The heat treatment conducted at 1150 �C increases the strength, the hardness, the pitting corrosion resis-
tance, and the antimicrobial capability simultaneously. The antibacterial rates of all the Ag-bearing CD4MCu
duplex stainless steel samples after solid solution treatment are above 99%, indicating their good anti-bacterial
capabilities.

Keywords: Duplex Stainless Steel, Solid Solution Temperature, Ag-Bearing Phase, Corrosion Resistance,
Antibacterial Rate.

1. INTRODUCTION
Bacterial contaminations have attracted wide attention in
various fields, such as food process engineering, biomed-
ical engineering, and water-distribution systems. Thus the
environment-friendly antibacterial materials have become
favorable candidates for applications in these fields [1, 2].

∗Author to whom correspondence should be addressed.
Email: hlxiang@fzu.edu.cn

The antibacterial metals or alloys are intriguing antibac-
terial materials due to their excellent comprehensive prop-
erties. Currently, in terms of stainless steel, the most
common antibacterial candidate was proven to be the Cu-
bearing one [3–6]. This because Cu-bearing stainless steels
hold effective antibacterial effects particularly provided
that certain Cu-rich phases (�-Cu) precipitate during the
antibacterial aging processing. The downside is that such
Cu-rich precipitates degrade the corrosion properties of
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stainless steel. Alternatively, the antibacterial effect of Ag
tends superior to that of Cu because even a low con-
tent of Ag in the Ag-bearing antibacterial stainless steel
is potent to provide excellent antibacterial performance,
and no additional antibacterial aging treatment is usually
required. This is because the adsorption of Ag ions (pre-
cipitated by Ag phase) at the top of Ag-containing stainless
steel to the cytoderm of the bacteria results in the distor-
tion and rupture of the bacteria. Some Ag ions permeate
the cells and intervene in the metabolism of the bacteria.
Consequently, the intracellular substances flow out from
the damaged cytoderm, leading to the death of the targeted
bacteria eventually, suggesting the superior antibacterial
property of Ag-bearing DSS.
However, current studies on the existing Ag-bearing

antibacterial stainless steels are mainly limited in the fer-
ritic stainless, austenitic stainless and martensitic stain-
less steels [7–10], whereas scant information has been
reported on the Ag-bearing antibacterial DSS, which con-
sists of a composite microstructure of austenite (�) and
ferrite (�) phases. DSS inherits outstanding toughness and
weldability from its austenite parts and also combines the
mechanical robustness, chloride resistance, and high cor-
rosion resistance from its ferrite counterparts. The yield
strength of DSS is approximately twice that of austenitic
stainless steel, and it shows preponderant resistance to pit-
ting corrosion [11–13]. Martensitic stainless steel exhibits
high strength, high hardness, and low wear rate, but the
poor corrosion properties due to its high carbon con-
tent extremely limits its wide use in some highly corro-
sive environments [14, 15]. Instead, DSS, if enhanced by
suitable treatment and surface modification, could reserve
high strength and hardness at no sacrifice of corrosion
resistance. Thus, DSS favorably provides some combined
advantages of both ferritic and austenitic stainless steels,
justifying the necessity of research on it as a new Ag-
bearing antibacterial candidate material. Solution treatment
temperature would affect not only the phase proportion
of ferrite and austenite in DSS, but also the content of
alloy elements in ferrite and austenite [16]. In terms of
antimicrobial activity, the higher solid solution Ag in the
matrix, the better the antimicrobial property. In this study,
the mechanical property, corrosion resistance, silver ion
release characteristics and antibacterial property of the Ag-
bearing antibacterial CD4MCu DSS were investigated. In
particular, the focus point is to unveil the influence of
solid solution temperature on the microstructure evolution
and mechanical properties of the Ag-bearing antibacterial
CD4MCu DSS. Also, we aim to provide some positive
guidance for the future development of the DSS materials.

2. EXPERIMENTAL DETAILS
2.1. Materials Preparation
The Ag-bearing antibacterial CD4MCu duplex stainless
steel (referred to as 1A-Ag) was prepared by melting a

Table I. The chemical composition of as-received steel (wt.%).

Code C Si Mn S P Cr Ni Mo Cu Ag Fe

1A-Ag 0.02 0.49 0.70 0.017 0.02 26.31 5.23 2.19 3.17 0.07 Bal.

mixture of 316 stainless steel, ferromolybdenum, ingot
iron, pure Cr and Cu, and Cu–Ag alloy in a medium fre-
quency induction furnace. The chemical composition of
the as-cast produced DSS ingot is presented in Table I.
The ingots were solid solution treated in a KSS-1700

box resistance furnace at the temperature of 1050 �C,
1100 �C and 1150 �C for 2 h, respectively. The samples
are coded accordingly as indicated in Table II.

2.2. Microstructural Characterization
Samples were cut in a cubic shape of 10 mm3 from the
heat-treated ingots, followed by etching in Vilella solu-
tion for 20 s prior to analysis. An Olympus-300 opti-
cal microscope (OM) and a JXA-8230 electron probe
micro-analyzer (EPMA) enabled with an energy dispersive
X-ray (EDX) system were utilized for the microstructural
investigations.

2.3. Mechanical Property Tests
The mechanical property of the 1A-Ag steel samples after
solid solution at different temperatures was studied by both
tensile and hardness tests. The standard tensile samples
were prepared according to the standard of GB/T228.1-
2010. The tensile tests were conducted at a CMT5105
tensile apparatus with a strain rate of 2 mm s−1 at room
temperature. For all the samples, three tests were con-
ducted. The fracture surface of the samples was examined
by a field-emission scanning electron microscopy (Nova
NanoSEM, FE-SEM). The hardness tests were performed
on a Rockwell hardness tester with a load of 1471 N
according to the ASTM E18-2015 standard. Ten indepen-
dent tests were averaged for the mean value of the hardness
for each sample.

2.4. Electrochemical Tests
The 1A-Ag steel corrosion properties were investigated
by the electrochemical polarization as well as the elec-
trochemical impedance spectroscopy (EIS) tests. The tests
were performed on a CHI650C electrochemical worksta-
tion with a standard three-electrode cell setup. A platinum
(Pt) plate and a saturated calomel electrode (SCE) were

Table II. Solution treatment at different temperatures.

Code Solution treatment process

1A-Ag-1050 1050 �C×2 h+water-cooling
1A-Ag-1100 1100 �C×2 h+water-cooling
1A-Ag-1150 1150 �C×2 h+water-cooling
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utilized as the counter electrode and the reference elec-
trode, respectively. The working electrode was submerged
in the solution with an area of 10 mm×10 mm. The elec-
trolyte solution was 3.5 wt.% NaCl+ 96.5 wt.% distilled
water. The experiments were performed in a water bath at
a temperature of 30±1�C. The potential range of the polar-
ization curves ranges from −1.2 V to 1.8 V at a scanning
rate of 5 mVs−1. The EIS curves were obtained from a sine
wave with an excitation voltage of 5 mV and a scanning
frequency from 100 kHz to 10 MHz. Three independent
tests of both the polarization and EIS were conducted for
each sample.

2.5. Silver Ion Release Evaluation
The silver ion release characteristics of the 1A-Ag sam-
ples with solid solution treatment were measured by
an Inductively Coupled Plasma–Mass Spectrometry (ICP-
MS) method. The samples after different solution treat-
ments were cut with a size of 2 mm×20 mm×20 mm for
the tests. Then, the specimens were soaked in 0.85 wt.%
NaCl solution. Periods of 3 h and 24 h were respectively
selected to investigate the relationship between the soak-
ing time and the silver ion release concentration. 10 mL
maceration extract was taken and filtered with a 0.22 �m
filter membrane. Then, the silver ion release concentra-
tion of maceration extract was measured by an X Series
ICP-MS machine. Each measurement was conducted three
times for a mean value.

2.6. Antibacterial Susceptibility Evaluation
The antibacterial properties of the 1A-Ag samples with
solid solution treatment were estimated by a standard
method according to the Japanese JIS Z 2801:2000 film
stick method described below. As a reference, the con-
ventional 316L stainless steel was also tested. The solu-
tion treated samples were cut with a size of 2 mm×
20 mm×20 mm for the measurements. Note that prior to
microstructural examinations, both the experimental tools
and the samples were sterilized at a temperature of 121 �C
for 20 min in an autoclave. The Gram-negative Escherichia
coli strains were chosen as candidate bacteria for test-
ing. The bacteria were cultured in a beef extract peptone
agar overnight and consequently diluted in a beef extract
peptone broth to an optical density OD600 nm of 1.0 (or
2.5∼5.0×108 cells mL−1). The Petri dishes fitted with the
sterile samples were placed on the cleansed bench. Each
sample was pipetted by 100 �L of the diluted bacterial
suspension. After that, the samples were covered with a
sterile glass coverslip so as to obtain the same suspension
contact area on the surface of each sample.
Note that all Petri dishes were incubated in a humidity

incubator at a temperature of 37± 1 �C, and the relative
humidity (RH%) was kept constantly above 90%. Periods
of 3 h and 24 h were respectively selected to investigate
the relationship between the percentage of cells killed and

the contact duration (namely, the reduction rate). Follow-
ing the designed duration, the samples were relocated into
20 mL of a sterile eluent (the ratio of beef extract peptone
broth to the normal saline is 1:500) in a sterile container,
which were stirred for mixing 10 s to remove the cover-
slip and to attach the remaining bacteria in the eluent as
well. The bacterial suspension was performed in a series
of dilutions. 100 �L of aliquots of each dilution was pipet-
ted onto the beef extract peptone agar plates, and then
the bacteria were incubated overnight at a temperature of
37± 1 �C. The number of colonies formed units (CFU)
arising from the growth of the viable bacteria at 37±1 �C
for 24 h showed the initial viability of bacteria that are
survived in the suspension. The reduction percentage was
calculated according to the Eq. (1):

Reduction% �CFU mL−1�= [�N0−Nt�/N0]×100% (1)

where Nt is the mean CFU mL−1 for a tested specimen
following a designated contact duration. N0 is the mean
CFU mL−1 for the same raw material sample at 0 h. Three
tests were conducted. Three plates were spread upon from
the eluent resulting from each sample.
A Phenom G2 Pro scanning electron microscope (SEM)

was used to examine the structural changes of bacterial
cells after different treatments at 37±1 �C. All the samples
for SEM observations were prepared according to the stan-
dard procedures for the biological sample fixation, namely,
the samples covered with bacteria were fixed in a 2 vol.%
glutaraldehyde solution at a temperature of 5 �C for 8 h
and then were cleaned three times by using sterile distilled
water, and each time lasted for 5 min. For the glutaralde-
hyde elimination, the dehydration process was performed
in 30%, 50%, 70%, 80%, 95% vol.% of ethanol solutions
for 10 min, respectively. Consequently, the samples were
cleaned in pure anhydrous ethanol three times (30 min
for each), followed by vacuum drying. Finally, the sam-
ples were pre-coated with a metallic film to avoid potential
charging in SEM observations.

3. RESULTS AND DISCUSSION
3.1. Microstructural Analysis
The optical images of 1A-Ag after heat treatment are pre-
sented in Figure 1. As can be seen, apart from the original
ferrite (�) and austenite (�) phases, certain dispersed dark
particles can be observed in all three samples (indicated
by the arrows). In line with the phase diagram of Fe–Ag,
the Ag demonstrates an extremely low solubility into steel.
Therefore, the black particles are considered as Ag-rich
phases or Ag-bearing phases.
Figure 1 indicates that the average diameter of the

� phase increases gradually as the solution temperature
increases from 1050 to 1150 �C. This is because that the
alloying elements dissolved into � and � phases exhibit
a varied distribution ratio. The distribution gradually
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Fig. 1. Optical micrographs of (a) 1A-Ag-1050; (b) 1A-Ag-1100 and
(c) 1A-Ag-1150.

becomes uniform as the solution temperature increases.
This makes � phases unstable and thereby the � phase
could transform into � phase. The volume fraction of the
� phase for three samples is presented in Table III, which
was obtained according to the ASTM E562-2011 standard.
Clearly, the increase in the solid solution decreases the
volume fraction of the � phase.
Figure 2 shows the 1A-Ag material consists of three

different phases: � phase, � phase, and some bright
spheroidal particles. The EDS chemical composition of
such particles (indicated by the arrows in Fig. 2) was listed
in Table IV.
Table IV indicates that the bright particles mainly con-

sist of Cu and Ag, together with a small amount of Fe,
Cr, and Mn. It can be concluded that such bright spher-
ical particles are in fact Ag-bearing phases, which is in
accordance with the previous results [17–19]. Furthermore,
the number of Ag-rich particles decreases gradually as the
solution temperature increases.
Also, Figure 2 indicates that both the size and num-

ber of Ag-bearing particles change when the solid solution
temperature goes up. The size of the Ag-bearing phases
can be classified into two categories: granulous particles
with a mean diameter below 0.5 �m and larger particles
with a size ranging from 1 �m to 6 �m. The average diam-
eters of these particles are 3.4 �m, 3.1 �m and 2.5 �m
for 1A-Ag-1050, 1A-Ag-1100 and 1A-Ag-1150, respec-
tively. The estimated volume percentage of the Ag-bearing
phases is shown in Table V, showing that the volume

Table III. Volume fraction ratio of � phases in three samples (vol. %).

Code � phase

1A-Ag-1050 27.95
1A-Ag -1100 26.83
1A-Ag-1150 24.20

 

bright par�cles 

bright par�cles 

bright par�cles 

Fig. 2. SEM images of (a) 1A-Ag-1050; (b) 1A-Ag-1100 and (c) 1A-
Ag-1150.

percentage of the Ag-bearing phase decreases gradually as
the solid solution temperature increases. Swartzendruber
et al. [20] reported that the solid solubility of silver in steel
was 0.007 wt.% at 1100 �C, whereas it increased up to
0.011 wt.% at 1150 �C. Therefore, a higher solid solution
temperature is supposed to result in a higher dissolution
of Ag-bearing phases.
In Figure 2 the density of Ag-bearing phases within the

� phase is lower than those within the � phase matrix
and along the �/� phase boundaries. The reason is that
the crystal structures of the Cu, Ag and � phase are all
face-centered cubic (FCC), while the � phase has a body-
centered cubic structure (BCC). Therefore, Cu and Ag are
more compatible with the � phase in comparison with the
� phase. In conclusion, the Ag-bearing phases in Figure 2
are supposed as the inclusions formed during the solidifi-
cation process.

3.2. Mechanical Properties
The tensile strength, Rockwell hardness, and elongation
of the specimens are presented in Figure 3. As can be
seen, at the solid solution temperature of 1050 �C, the ten-
sile strength, the Rockwell hardness and the elongation are
725.5 MPa, 25.8 HRC and 22%, respectively, when the
temperature increases to 1100 �C, they all decrease at some
degrees. Furthermore, they again increase when the tem-
perature increases up to 1150 �C, with the tensile strength
and Rockwell hardness even higher than these at 1050 �C.
To unravel the relationship between the microstructure and

Table IV. Chemical composition of bright particles in various
samples (wt. %).

Samples Cr Ni Mn Cu Ag Fe

1A-Ag-1050 1.72 0.81 2.53 81.04 9.56 4.33
1A-Ag-1100 2.07 1.32 2.33 82.45 7.13 4.70
1A-Ag-1150 2.10 1.45 2.21 83.45 6.06 4.72
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Table V. Volume fraction of Ag-bearing phases (vol.%).

Code Ag-bearing phase

1A-Ag-1050 1.167
1A-Ag-1100 0.875
1A-Ag-1150 0.527

mechanical properties, Figure 4 displays the fracture mor-
phologies of the samples after tensile tests. As can been
seen, a large number of dimples are clearly visible on
all the tensile samples, which points to a ductile fracture
model during the tensile testing.
The shallow dimples with low depth and width indi-

cate low plasticity and vice versa. Figure 4 shows that the
diameter and depth of dimples in the 1A-Ag-1050 sam-
ple is the largest, followed by the 1A-Ag-1150 sample.
This suggests that the plasticity of the 1A-Ag-1050 sample
is the highest, followed by the 1A-Ag-1150. Correspond-
ingly, the 1A-Ag-1100 sample has the lowest plasticity.
These results are consistent with the mechanical responses
in Figure 3.
The influence of the solid solution temperature on the

mechanical properties can be associated with three fac-
tors [21]: the grain size of phases, the phase ratio �/�, and
the dissolution and distribution of Ag. As the temperature
increases, the number of � phase increases moderately (see
Fig. 1), which decreases the number of grain boundaries
per unit volume and then the resistance to the disloca-
tion sliding can be decreased. Consequently, the strength
and plasticity of the samples reduce. Simultaneously, a
further increase in solid solution temperature can promote
the phase transformation of � → �. Thus, the volume per-
centage of the � phase increases as the solid solution tem-
perature increases, and this would enhance the strength of
materials at the sacrifice of certain plasticity [22]. More-
over, 1A-Ag samples contain Ag-bearing phases in addi-
tion to � and � phases. Note that the dissolution of Ag in
steel increases upon the increase in the solid solution tem-
perature, inducing some lattice distortion in the samples
which potentially impedes the dislocation motion. This
contributes to the solid solution strengthening effects, as

Fig. 3. Mechanical properties of three samples.

Fig. 4. Fracture morphologies of (a) 1A-Ag-1050; (b) 1A-Ag-1100
and (c) 1A-Ag-1150.

reported in our earlier work [23]. Besides, as the tem-
perature increases, both the size and volume percentage
of the Ag-bearing phases reduce, whereas the distribu-
tion of Ag in the matrix becomes more uniform. This
induces the softening effects of Ag and enhances the plas-
tic elongation [18, 19].
When the temperature increases from 1050 �C to

1100 �C, the size of the � phase increases significantly
(see Figs. 1(a) and (b)), the grain size of the � phases
plays a leading role, reducing the tensile strength, hardness
as well as the plasticity of the 1A-Ag samples. When the
temperature further increases from 1100 �C to 1150 �C, the
volume percentage of � and Ag-bearing phases decreases
2.63% and 0.348%, respectively, both higher than those
of 1050 �C and 1100 �C (see Tables III and V). There-
fore, the dual-phase ratio (�/�), and the dissolution and
distribution of Ag play a key role in influencing the ten-
sile strength, hardness, and plasticity of the investigated
1A-Ag samples.

3.3. Corrosion Properties
3.3.1. Pitting Corrosion Resistance
The polarization curves of the investigated samples in
3.5 wt.% NaCl solution are presented in Figure 5. It can be
observed that the polarization curves of all samples exhibit
similar tendencies within a passive region (see the a-b part
in Fig. 5). The ranges of the passive region are relatively
wide, suggesting that investigated three samples all pos-
sess good passivation ability in the NaCl solution.
In line with Faraday’s law [21], the corrosion rate

of metals is in proportion to the corrosion current den-
sity I corr, therefore the pitting corrosion resistance can
be estimated by the I corr value. The I corr values accord-
ing to the polarization curves in Figure 5 are listed in
Table VI. The value of I corr increases as solid solution
temperature increases from 1050 �C to 1100 �C, whereas
it decreases when the temperature rises to 1150 �C.

Mater. Express, Vol. 9, 2019 1071
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Fig. 5. Polarization curves of three samples in 3.5 wt.% NaCl
solution.

The characterization analysis (see Section 3.2) shows that
the volume percentage of the � phase increases with the
rising solid solution temperature. The corrosion potential
of the � phase is lower than that of the � phase in NaCl
solution [22], therefore the pitting corrosion resistance of
the investigated samples reduces if the volume percent-
age of the � phase increases. Meanwhile, the Ag-bearing
phase serves as an external phase onto the passive film of
the samples. This isolates the passive film on the speci-
men surface. The increase in the solid solution temperature
also facilitates the dissolution of the Ag-bearing phases
and thus reduces the volume percentage of the Ag-bearing
phases. Finally, this reduces the damage of the passive film
to some degree, thereby improving the pitting corrosion
resistance of the samples.
It should be pointed out that as the temperature increases

from 1050 �C to 1100 �C, the increase of volume frac-
tion of the � phase starts to play an active role, and it, in
fact, decreases the pitting corrosion resistance. When the
temperature increases from 1100 �C to 1150 �C, the disso-
lution of the Ag dominates, thereby increasing the pitting
corrosion resistance again. In all three samples, the value
of the I corr of the 1A-Ag-1150 is the lowest, confirming
that the 1A-Ag-1150 sample exhibits the best pitting corro-
sion resistance. Our previous work [24] reported that after
the same treatment, the CD4MCu DSS without Ag exhib-
ited an I corr of 1.468 �A · cm−2, which is lower than the
I corr of all the three Ag-bearing samples obtained in this
study. This indicates that the pitting corrosion resistance
of the Ag-bearing DSS is deteriorated by the addition of
Ag, inconsistent with previous studies.

Table VI. Corrosion current density of three samples in 3.5 wt.% NaCl
solution.

Code Icorr (�A ·cm−2)

1A-Ag-1050 1.881
1A-Ag -1100 2.053
1A-Ag-1150 1.675

Fig. 6. Nyquist plots of three samples in 3.5 wt.% NaCl solution.

3.3.2. Passive Film Stability
The EIS curves of the investigated samples in the 3.5 wt.%
NaCl solution are presented in Figure 6. It can be seen that
there is only one single capacitive reactance arc on the EIS
of all samples, indicating that a relatively complete passi-
vation film can be formed on the surface of all specimens.
The EIS curves in Figure 6 were fitted by the ZSimpWin
software to obtain the relevant characterization parameters
of the electrochemical process. The Rs (QRt) model was
utilized as the equivalent circuit due to the best fitting,
the Figure 7 is the schematic diagram of equivalent cir-
cuit drawn by us according to ZSimpWin software fitting.
Rs is the solution resistance, and Rt is the charge transfer
resistance associated with the stability of the passive film,
respectively. The higher the value of the Rt , the more dif-
ficult the charge migration at the interfaces between the
electrode and the electrolyte solution. As a consequence,
less damage would be inflicted on the passive film. The
impedance ZQ can be determined by Eq. (2):

ZQ = �jw�−n/Y0 (2)

where Q is the constant phase angle element; j =√−1;
� is the angular frequency; n is the apparent diffusion
coefficient, which represents the degree of the dispersion
effects at the surface of the working electrode; Y0 is the
admittance, which represents the corrosion current density
generated from the surface of the working electrode. The

Fig. 7. Equivalent circuit of samples in 3.5 wt.% NaCl solution.
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Table VII. Values of EIS fitting parameters in R(QR) equivalent
circuits.

Code Rs (	 ·cm2) Y0 (S · sec∧n/cm2) n Rt (	 ·cm2)

1A-Ag-1050 3.815 5.918×10−5 0.7385 1.473×105

1A-Ag -1100 3.320 9.135×10−5 0.7687 9.296×104

1A-Ag-1150 3.835 5.141×10−5 0.8000 1.864×105

lower the value of Y0, the higher the resistance of the elec-
trode surface and the lower the corrosion current density
will be.
The fitting results are presented in Table VII. No sig-

nificant changes in the Rs and n can be observed. This
indicates that all the tested systems are relatively stable.
Then the temperature increases, the value of Y0 increases
first and then decreases. However, the value of Rt shows
a totally opposite trend; i.e., it decreases first and then
increases. An increase in the corrosion current density fol-
lowed by a decline is observed, and the stability of the
passive film presents the opposite trend. All these suggest
that the corrosion resistance of the investigated samples
decreases first and increases later as the solid solution tem-
perature increases to 1150 �C. Meanwhile, the value of the
Y0 for the 1A-Ag-1150 is the lowest, while that of the Rt is
the highest in all samples, indicating that the 1A-Ag-1150
sample has the highest corrosion resistance. This is con-
sistent with the results of the polarization curves (Fig. 5).

3.4. Antibacterial Properties
Table VIII shows the Ag ion release concentration of the
1A-Ag samples after soaking in 0.85 wt.% NaCl solution
for a different time. As shown in Table VIII, the Ag ion
release concentration of the three Ag-bearing samples after
3 h and 24 h in 0.85 wt.% NaCl solution are compared
in Table VIII, indicating an increasing tendency of the Ag
ion release concentration as the solid solution temperature
increases. The Ag ion release concentration of the 1A-
Ag samples after 24 h is higher than that of the 1A-Ag
samples after 3 h, indicating an increasing tendency of the
Ag ion release concentration as the soaking time increases.
Figure 8 presents the effects of bacteria inhibition of

the samples and 316L stainless steel in contact with the
Gram-negative Escherichia coli for 3 h. Figure 8(a) con-
firms a large number of viable bacteria have formed a lawn
on the agar. This is because the 316L stainless steel itself

Table VIII. Ag ion release concentration of samples under different
time in 0.85 wt.% NaCl solution.

Ag ion release concentration/(ppb)

Code 3 h 24 h

1A-Ag-1050 0.043 0.141
1A-Ag-1100 0.062 0.219
1A-Ag-1150 0.099 0.398

Fig. 8. Colony forming units (CFU) of viable bacteria after 3 h con-
tact with the surfaces of (a) 316L, (b) 1A-Ag-1050; (c) 1A-Ag-1100
and (d) 1A-Ag-1150.

does not have any antibacterial properties [23]. However,
in Figures 8(b–d), all the three Ag-bearing samples exhibit
outstanding antibacterial behavior, as confirmed by that
after 3 h almost no bacteria are found survived.
Table IX presents the number of viable bacteria and

the corresponding antibacterial rate of the samples after
contacting with the bacteria for 3 h and 24 h, respec-
tively. It is found that the number of the viable bacte-
ria on all three Ag-bearing sample surfaces is lower than
that of 10 CFUs even after 24 h, and the antibacterial
rate exceeds 99.9%. In line with the Japanese JIS Z
2801:2000 standard, this points to a strong antibacterial
effect. Our previous work [25] reported that after the same
treatment, the CD4MCu duplex stainless steel exhibited an
antibacterial rate of 16.7%, far lower than 99.9% obtained
in this study. Therefore, the Ag-bearing phases dispersedly
distributed over the Ag-bearing antibacterial CD4MCu
duplex stainless steel are supposed to play a profound
role in the bacterial inhibition. Meanwhile, the different
antibacterial rates of the three Ag-bearing samples after 3
h in the bacterial liquid are compared in Table IX. The
values are 99.4%, 99.6%, and 99.9%, respectively, indicat-
ing an increasing tendency of the antibacterial rate as the
solid solution temperature and Ag ion release concentra-
tion increase. It is well-known that the antibacterial prop-
erty of the Ag-bearing samples is due to the dissolution of

Table IX. Antibacterial rates (R) of four samples under different time
in bacteria liquid.

Bacteria count/(cfu ·mL−1 ) R/(%)

Code 3 h 24 h 3 h 24 h

316L 9.50×105 9.50×105 – –
1A-Ag-1050 5.5 ×103 <10 99.4 99.9
1A-Ag-1100 3.5 ×103 <10 99.6 99.9
1A-Ag-1150 <10 <10 99.9 99.9
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Fig. 9. Morphology evolution of Escherichia coli on 316L for (a) 0 h;
(b) 24 h; and on the 1A-Ag-1150 for (c) 1 h; (d) 3 h; (e) 5 h and
(f) 24 h treatment.

Ag ions penetrating into the bacterial cells. As analyzed
above, the distribution of Ag in the matrix become rather
uniform as the solution temperature increases. The Ag ions
react with the bacteria that are adsorbed on the surface
of the steel, thereby retarding the bacteria metabolism and
consequently inhibiting the growth and reproduction of
bacteria [7, 26–29].
Figure 9 shows the morphologies of the Escherichia coli

cells at the top surface of the investigated samples and
the conventional 316L stainless steel after different expo-
sure time. It is clear that the cell shapes on the surface of
the 316L treated for 0 h and 24 h are both well-defined.
All these cells present rod-like or plump thallus shapes
(Figs. 9(a and b)), suggesting that the cells are in normal
sound conditions, free from any traceable environmental
attacks, and they survive well after 24 h exposure. On the
contrary, significant morphological changes occur in the
Escherichia coli cells on the surface of the 1A-Ag-1150
specimens after 1 h, 3 h, 5 h, and 24 h exposure, as pre-
sented in Figures 9(c) and (d). Figure 9(c) shows the cell
bacterial morphologies become irregular. In some cells,
the walls and membranes are obviously damaged, which
causes the cytoplasm to drain out, and this explains for
the bacterial apoptosis. From Figure 9(d), we can see that
the shapes of most bacterial become distinctly abnormal
after 3 h, and almost all bacteria are killed, as listed in
Table IX. For the samples in the bacteria liquid for 5 h
and 24 h (Figs. 9(e and f)), most bacterial cells appear
seriously damaged, broken and even shattered ultimately.

4. CONCLUSIONS
The microstructure of the Ag-bearing antibacterial
CD4MCu DSS consists of new Ag-bearing phases in
addition to original � and � phases from the matrix. The
Ag-bearing phases largely control the corrosion resistance.
The content of Ag in the Ag-bearing phases and the num-
ber of the Ag-bearing phase decrease as the solid solu-
tion temperature increases. The tensile strength, hardness,
and elongation of the Ag-bearing antibacterial CD4MCu
DSS decrease first and increase as the solution temper-
ature increases. It is the same for the corrosion current
density of the Ag-bearing antibacterial CD4MCu DSS in
the 3.5 wt.% NaCl solution. The stability of passive film,
however, decreases first and then increases as the temper-
ature increases, and the corrosion resistance also follows
the trend.
The Ag ion release concentration increases as temper-

ature and soaking time increase. The antibacterial rates
of the Ag-bearing antibacterial CD4MCu duplex stainless
steel are 99.4%, 99.6% and 99.9% after 3 h exposure to
the bacteria liquid of the Escherichia coli in the samples
with the solution temperature being 1050 �C, 1100 �C, and
1150 �C, respectively. All the rates reach 99.9% after 24 h
exposure. The bacterial morphologies of the Escherichia
coli become abnormal on contacting with the Ag-bearing
antibacterial CD4MCu DSS, and certain cells are finally
destroyed.
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