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Abstract

This investigation studies the effects of Cu content and ageing treatment on the microstructural, mechanical, corrosion and antibacterial
properties of SUS 304 austenitic stainless steel. Cu was added respectively to SUS 304 stainless steels in proportions of 1.5, 2.5, 3.5, 4.5
and 5.5wt.%. A vacuum arc remelting furnace was used to remelt SUS 304 stainless steel with various added Cu contents. These ingot
alloys underwent hot rolling and various heat treatments, and were then cut into test specimens. A series of microstructural investigation,
tensile tests, corrosion tests and antibacterial tests were conducted to study the properties of Cu-containing SUS 304 austenitic stainless steel
Microstructural observations reveal that the amount of retadafdlrite in the as-cast SUS 304 steel decreases as the Cu content increases.
After hot rolling, the retaine@-ferrite disappears angf-martensite forms in the austenitic matrix. The results of the tensile tests reveal that
the ultimate tensile strength (UTS) declines as the Cu content increases below 2.5wt.%. However, the ultimate tensile strength increases
with the Cu content above 2.5wt.%. X-ray diffraction analysis reveals that adding Cu suppresses the formation of strain-induced martensite
(«’-martensite). The corrosion test indicates that the pitting potential declines as the Cu content in SUS 304 steels increases. The results
of the antibacterial test reveal that adding a proper amount of Cu (such as 2 wt.%) gives SUS 304 stainless steel an excellent antibacterial
property.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction not last for a long time. During the past decade, for the sake
of safety, an inorganic antibacterial method, such as adding
In modern life with scientific and technological advances, copper or silver to the allofl], has replaced the coating of
much attention is paid to the safety, sanitation and health of organic agents. Metallic ions from the alloy are strongly re-
environments. Therefore, daily appliances are increasingly ductive and can destroy the cell walls and cell membranes of
being designed with antibacterial features. Austenitic stain- bacteria, inhibiting their breeding.
less steels, such as SUS 304, are widely used, because they According to some reporfd—3], the Staphylococcus au-
exhibit superior corrosion resistance and workability. The reusis the common pathogen that causes the food poisoning.
development of austenitic stainless steels with excellent an-The probability of food poisoning would decrease by reduc-
tibacterial property would expand the applications of such ing the amount of theés. aureuson the stainless steel that
steels. In the past, some organic coatings have been used gseople always toucls. aureuss a sort of gram-positive bac-
antibacterial agenfd]. Those organic agents can inhibit the terium and it has thick cell walls. If their cell wall can be de-
breeding of bacteria; however, their antibacterial effects can stroyed by Cu-ions, th8. aureugan not survive. Therefore,
the S. aureuss used as the testing bacteria in this research.
* Corresponding author. Tel.: +886 2 27365527/23634097; The antlk.)aCte“al rate of eaCh. specn“_nen Is calculated to accgss
fax: +886 2 23634562, the relation between the antibacterial rate and Cu content in
E-mail addresschkoo@ccms.ntu.edu.tw (C.H. Koo). stainless steels.
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Three main factors are important in fabricating antibac- were mechanically polished with wet SiC paper of 600 grit
terial stainless steel: (1) the amount of antibacterial elementand then placed into an acetone bath for ultrasonic cleaning
added, (2) the amount of antibacterial element precipitated before they were tested. Potentiodynamic polarization tests
upon the passivated oxide film, and (3) the temperature andwere conducted in 3.5wt.% NaCl solution under nitrogen
duration of ageing treatment. This work investigates the ef- gas. A saturated calomel electrode (SCE) was used as the
fects of various Cu contents and different heat treatment con-reference electrode. The potentiodynamic polarization curve
ditions onthe antibacterial property of SUS 304 steel to obtain of each specimen was measured at a potential scan rate of
the optimal parameters for making an effective antibacterial 0.1 mV/s after the open circuit potential (OCP) was mea-
stainless steel. sured. Pitting nucleation potentidtdy) and pitting protec-

tion potential Epp) were obtained from the potentiodynamic

. polarization curve.
2. Experimental method

2.1. Material preparation 2.5. Antibacterial test

The nominal 304 type alloys, containing 0to 5.5wt.% Cu,  This experiment was conducted by Food Industry Re-
were melted in a non-consumable electrode arc furnace in ansearch and Development Institute of R.O.C. The plain-plate
atmosphere of argon. The alloys were remelted seven times tadilute method was used to measure the number of live bac-
ensure homogeneity and then cast into rectangular bars withteria and to calculate the antibacterial rate of each specimen
dimensions 65 mmx 40 mmx 13 mm (thickness). The cast in this study. The heat-treated sheets were cut into squares
ingots were hot-rolled at 115 to reduce their thickness  with dimensions 50 mnx 50 mmx 1 mm. These specimens
from 13 to 3mm. After hot rolling, the sheets were solution- were mechanically polished with SiC paper of 800 grit and
treated at 1050C for 5 min, and then aged at 700 and 8@0 then cleaned with alcohol before they were tested. The bac-
for 30, 60, 120 and 240 min, respectively. The heat-treated terial solution was made by incubating tBe aureuson an
sheets were prepared for microstructural investigation, ten-agar plate at 37C for 24 h and then using distilled water to

sile, corrosion and antibacterial tests. dilute the solution by a factor of five hundred. 0.4 ml of the
bacterial solution was dripped onto the test specimen and the
2.2. Microstructural investigations specimen was covered with an aseptic polyethylene film to

ensure that the bacterial solution was in close contact with the
Metallographical investigations were carried out using op- surface of the specimen. The specimen with the bacterial so-
tical microscopy (OM), scanning electron microscopy (SEM) |ution was incubated at 2% for 24 h, and all of the bacterial
and X-ray diffractometry (XRD). The specimens were me- solution was collected in 10 ml of SCDLP (soybean-casein

chanically polished with wet SiC paper of 2000 grit and then digest broth with lectithin and polysorbate) broth.
finely polished with 0.05.m Al,O3 powder to enable optical

observations to be made. Finally, an etching solution consist-

ing of 20 ml of HNG;, 40 ml of HCI and 40 ml of glycerol 3 Results and discussion
was used to etch the specimens for 10 s. The precipitation of

&-Cu on the passivated film of SUS 304 steel and the fracture 3 1. Microstructural analysis
surfaces were examined by scanning electron microscopy.

The amount ofy’-martensite generated by deformation was  after casting, austenitic stainless steels always retain some
evaluated by X-ray diffraction with Mo-K radiation from  of thes-ferrite that forms during solidification. This retained
40° to 120'. The chemical compositions of the alloys were  §_ferrite is believed to dissolve some impurities, such as S, P,
determined by X-ray fluorescence analysis (XRF). Se, and others preventing the formation of low melting point
compounds which cause cracking under solidification stress.
The morphology of the retainettferrite depends not only

on cooling rate but also on the compositions of the alloys

The heat-treated sheets were cut into tensile SpeCImen":[5], and makes the cast structure of the austenitic stainless

with gauge o_hmensmns 25 mm6 mmx 3mm and were steels more complex. The retain&derrite in the casting of
then mechanically polished. Room temperature tensile tests

were conducted with an MTS testing machine at a strain rate austenitic stainless steel can be divided into three categories,
. i according to the morphology of ferrite and th iegratio,
of 1 x 10~4s~1. The hardness was measured using a Vickers 9 phology @fNieq

hardness test machine with a load of 300 g. as described beloy,5:

2.3. Investigations of mechanical properties

Type A, Cig/Nigq<1.48: Thed-ferrite is vermicular and
2.4. Corrosion investigations located at the cell boundaries.
Type B, 1.48< Creg/Nigq < 1.95: Both vermicular and lathy
The heat-treated sheets were cut into corrosion specimens ferrite are observed in the microstructure, anddHerrite
with dimensions 15 mnx I5mm x 1 mm. These specimens s located at the cell axes.
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Table 1

Chemical composition and g Nieq ratio of investigated alloys

wt.% C Si Mn P Ni Cr Mo Cu Nb Co G/Nieg
As-received 0.027 0.348 1.352 0.022 9.01 18.60 0.158 0.15 0.004 0.194 1.90
1.5wt.% Cu 0.022 0.319 1.248 0.017 9.21 18.64 0.157 1.57 0.004 0.193 1.67
2.5wt.% Cu 0.013 0.321 1.261 0.016 9.15 18.49 0.157 2.55 0.003 0.195 1.55
3.5wt.% Cu 0.016 0.327 1.221 0.016 9.10 18.31 0.161 3.54 0.004 0.191 1.43
4.5wt.% Cu 0.020 0.329 1.229 0.016 9.04 18.42 0.155 451 0.004 0.196 1.33
5.5wt.% Cu 0.021 0.336 1.209 0.017 9.03 18.45 0.153 5.51 0.003 0.194 1.25

Type C, Ceg/Nieg> 1.95: The lathyd-ferrite dominates the  grain. However, nax’-martensite is observed in the speci-
cast microstmcture. men that contain 2.5 wt.% Cu, as showrkig. 1(d), because
] N ) . adding 2.5wt.% Cu not only enlarges thephase field but
Table 1shows the chemical composition of investigated 4|56 increases the stacking fault enefgjy]. Additionally,
alloys. The chromium and nickel equivalents of the investi- g5 me mechanical twins are observed in the austenitic matrix.
gated alloys (in weight %) can be calculated from the follow- Solid solutioning and ageing treatments were performed
ing formulae[6]. to precipitate the-Cu phase in the passivated film and, thus,
Niequivalent= Ni + 0.31Mn + 22C + 1Cu+ 142N  91V& SUS 304 steel the antibacterial prop¢ity3]. Fig. 1(e)
and (f) show the optical micrographies of the as-received
Crequivalent=Cr+ 1.5 Si+ 1.4+ 2 Nb + 3 Ti SUS 304 steel and the SUS 304 steel that contains 2.5wt.%
The Ciq/Nieq ratio of each alloy is listed ifable 1 The ~ Cu after solid solutioning and ageing treatmerftg. 1(e)
Creq/Nigq ratio of specimen decreases with the increasing of Shows that they'-martensite remains and the grain size of
Cu content. In this investigation, the GiNieq ratios of the the austenitic matrix is coarser after the splld-solu'uonlng
as-received SUS 304 steel and the SUS 304 steel that conireatment at 1050C for 5min and then ageing at 800
tains 2.5wt.% Cu are 1.90 and 1.55, respectively. Therefore, for 60 min. Microstructural observations revealed that adding
according to the solidification mode of austenitic stainless 2-5Wt.% Cu or more to austenitic stainless steel can eliminate
steel[5], the vermicular and lathy ferrite would be formed in  thea’-martensite and reduce the formation of retafierrite.
the as cast microstructure of both 0% and 2.5% Cu austenitic  Because the-Cu precipitates upon the passivated oxide
stainless steel$ig. 1(a) and (b) show as-cast images of the filmare too small to be observed by optical microscéjy, 2
as-received SUS 304 steel and the SUS 304 steel that contain§nOws the back-scattering electron images (BEIs) of the as-
2.5Wt.% Cu, respectively. Figures reveal that territe received SUS 304 steel, the SUS 304 steel that contains 1.5,
morphology of as-cast SUS 304 steel is complex, and de-2-5 and 4.5wt.% Cu after the solid-solutioning at 1660
pends strongly on the composition. When the Cu content of for 5minand ageing treatment at 80D for 120 min, respec-
as-received SUS 304 steel is 0.15 wt.% and itg/Slieqratio tively. Since the atomic number of Cu (29) is larger than that
is 1.90, the microstructure consists of lathy ferrite and small ©f F€ (26) and Cr (24), the bright area in the back-scattering
amounts of vermicular ferrite distributed in the austenitic ma- €lectron images represents #:€u phase, whereas the dark
trix, as shown irFig. 1(a). When the Cu content of SUS 304 'egion represents the austenitic matrix. Moreovergti is
steel increases to 2.5Wt.% and its;@Nieq ratio decreases fce structure and its lattice parameter is 0.363 nm. The com-
to 1.55, the microstructure shows that the vermicular ferrite POSition ofs-Cuiis close to pure coppgk8]. Fig. 2(a) reveals
embedded in the austenitic matrix and the lathy ferrite almost that noe-Cu precipitates on the passivated film of SUS 304
disappears, as shown fiiig. 1(b). steel because the Cu content of the as-received material is
As the Cu content of SUS 304 steel increases to 3.5wt.% Only 0.15wt.% Table J. In this case, the Cu content is too
or more, such as 4.5 or 5.5 wt.%, the lathy ferrite in austenite |0W to precipitate on the passivitated film after ageing treat-
matrix would completely disappear and were displaced with ment. However, little-Cu can be observed on the passivated
vermicular ferrite. Additionally, the amount &fferrite de-  film of SUS 304 steel after ageing treatment, as the Cu con-
creased as the Cu content increased because the Cu elemegnt increases to 1.5wt.%, as showrFig. 2 (b). Fig. 2c)
is they-phase stabilizer. Therefore, the formation of retain and (d) reveal that the amount ofCu precipitated on the
8-ferrite appears to be reduced as the Cu content increases.Passivitated film increases as the Cu content increases to 2.5
The castingots were hot-rolled at 118Din ordertoelim- O 4.5wt.%. The tiny precipitation of-Cu phase which is
inate voids, dendritic structure and macrosegregation of theSmaller than lum, gives the SUS 304 steel antibacterial prop-
castingsFig. 1(c) and (d) show the morphology of the as- erty, as discussed in Sectitb.
received SUS 304 steel and the SUS 304 steel containing
2.5wt.% Cu after hotrolling at 115@. Fig. 1(c) revealsthat ~ 3.2. Mechanical test
the retained-ferrite in the as-cast SUS 304 steel is eliminated
after hotrolling. Meanwhile, dark, stripe-liké-martensite is SUS 304 stainless steel has an austenitic phase at room
formed parallel to the direction of hot rolling in the austenite temperature, and so cannot be hardened to any great extent
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Fig. 1. Micrographs showing OM images of SUS 304 steels containing Cu at various conditions: (a) The as-cast SUS 304 steel without Cu addition and (b)
with 2.5wt.% Cu. (c) The as-cast SUS 304 steel without Cu addition and (d) with 2.5 wt.% Cu after hot rolling &€1{&)0The rolled SUS 304 steel without
Cu addition and (f) with 2.5wt.% Cu after solid-solutioning treatment at 2@fdr 5 min and then ageing treatment at 8@0for 60 min.

by heat treatment. However, it can be considerably strength-the ultimate tensile strength (UTS) declines evidently as the
ened by strain-induced martensiéé-martensite), low stack-  Cu content increases from 0 to 2.5wt.%, for two reasons.
ing fault energy, and precipitation hardening or solid-solution Firstly, Cu is one of the elements that effectively increase the
strengthenin@L0]. The deformation mode of austenitic stain- stacking fault energy (SFE) of austenitic stainless steel and
less steel generally involves a sequence of planar slip to  stablizes the austenitic structure. The increase of the SFE due
martensite then ta’-martensite. As the stacking fault energy to the addition of Cu reduces the width between the partial
of austenitic stainless steel increases, the dominant defor-dislocations that contain the stacking faults, so that two par-
mation mode is shifted from’-martensite formation to the tial dislocations are more likely to combine to form a perfect
formation of deformation twins and then to cross $6y8B]. dislocation, which can cross-slip to another slip plane to pre-
The results of tensile testing shownhig. 3(@) reveal that  ventthe pile up of a large number of dislocations on the same
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Fig. 2. The back-scattering electron images (BEls) of SUS 304 steels containing Cu. (a) The rolled SUS 304 steel without Cu addition and witPa(b) 1.5 wt.
Cu, (c) 2.5wt.% Cu, (d) 4.5wt.% Cu, after solid-solutioning treatment at 135@r 5 min and then ageing treatment at 8@0for 120 min.

slip plane. Secondly, the addition of Cu can suppress the for-strengthening caused by the addition of Cu exceeds the soft-
mation of strain-induced martensite’{martensite) during  ening effectdue tothe increase of stacking faultenergy. When
tension testing to prevent strain hardening. the Cu content of the alloy exceeds 4.5 wt.%, the increase in

However, the ultimate tensile strength increases with the the ultimate tensile strength tends to be small, indicating that
Cu content over 2.5wt.%, because the effect of solution the contribution of Cu to the increase of UTS has reached
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Fig. 3. The (a) UTS and (b) Vicker hardness of Cu-modified 304 stainless steel are functions of Cu content after solution-treatmeé &irl®s0n and

then ageing at 80QC for 120 min.
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a maximum.Fig. 3(b) plots the hardness of SUS 304 steel with and without Cu, are similar. These figures reveal that
varies against Cu content. The hardness decreases as the Gadding Cu does not change the deformation behavior leading
content increases below 2.5wt.%, but increases with the Cuto the final failure of the stainless steel. It may be attributed
content above 2.5 wt.%, implying that when the Cu contentis to that the matrix of SUS 304 steel is always in a stable state
2.5wt.%, the softening effect of Cu on SUS 304 steel matrix of austenitic phase, instead of transforming into ferrite or
tends to be mitigated. As the Cu contentincreases further, themartensite, as Cu content increasing from 0 to 5.5 wt.%.
saturated Cu atoms in the matrix precipitate and harden the
SUS 304 steel. 3.3. X-ray diffraction test

Fig. 4 shows fractographs of the SUS 304 steel with var-
ious Cu contents, after tensile testing at room temperature. Fig. 5 shows the results of the XRD of the specimens
The ductile fracture surfaces of all of the SUS 304 steels, solution-treated at 105@ and then ageing-treated at 8@

Fig. 4. SEM fractographies of the SUS 304 steel containing various Cu contents after room temperature tensile testing: (a) without Cu ad&itidr¥s(b) 1.
Cu, (c) 2.5wt.% Cu, (d) 3.5wt.% Cu, (e) 4.5wt.% Cu, (f) 5.5wt.% Cu. The specimens were solution-treated @@ @55 min and then ageing treated at
800°C for 120 min.
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Fig. 5. X-ray diffraction intensity-20 curves for the SUS 304 steels con-
taining various Cu contents before tensile testing: (a) without Cu addi:
tion, (b)1.5wt.% Cu, (c)2.5wt.% Cu, (d) 3.5wt.% Cu, (e) 4.5wt.% Cu

depletion of € -Cu
precipitation
N— discontinous passivated film

I qustenitic matrix

(f) 5.5wt.% Cu. The specimens were solution-treated at 2@5f@r 5min
and then ageing treated at 80D for 120 min.

for 120 min before tensile testing, where the peak intensity of
strain-induced martensite/tmartensite) are very low, thus,
little o’-martensite exists prior to testingig. 6shows the re-
sults of XRD analysis of the tensile test specimens solution-
treated at 1050C and then ageing-treated at 8@D for

120 min. The peakintensity af-martensite of the specimens

Fig. 7. A schematic illustration of (a) the precipitationss€Cu on the SUS
304 steel specimen; and after the galvanic corrosion, it shows (b) the deple-
tion of e-Cu and discontinuous passivated film.

(o-martensite). Adding Cu from 0 to 3.5wt.% effectively
suppresses the formation of strain-induced martenaite (
martensite). However, when the Cu contentexceeds 4.5 wt.%,

after the tensile test are higher than those of the specimend/€ @mount of strain-induced martensite no longer changes

before the tensile test. The peaks intensityxomartensite

decline as the Cu contentincreases because the addition of C
can effectively increase the stacking fault energy of SUS 304
steels, reducing the formation of strain-induced martensite

P R C
0@ | ‘ \
'* A0 ?
I I
uw‘ MJ@L;‘( A XaQll) ‘ Lﬁ‘ w * | | X ‘ ! |
| ® ©
z | £
g "ﬂ " ! x 5 o ® T
= |‘ ] 1 } J' n \ = Ej * i X ‘
1 w @ 1 )
i I T ‘ A | ‘1 n ° |
| | U R
I
Mesodibabannd ki
40 60 80 100 120 40 60 80 100 120

20 20
Fig. 6. X-ray diffraction intensity-26 curves for the SUS 304 steels con-
taining various Cu contents after tensile testing: (a) without Cu addition, (b)
1.5wt.% Cu, (c) 2.5wt.% Cu, (d) 3.5wt.% Cu, (e) 4.5wt.% Cu, (f) 5.5wt.%
Cu. The specimens were solution-treated at T@fbr 5 min and then age-
ing treated at 800C for 120 min.

with the Cu content, implying that the suppression of the for-
ﬂnation of the strain-induced martensit&-(nartensite) by

Cu addition tends to mitigated when the Cu content reaches
3.5wt.%.

3.4. Corrosion test

The &-Cu must precipitate on the passivated oxide film
of stainless steels to form Cu ions to extract the electrons
from bacteria, as shown Ifig. 7(a) and, thus, provide stain-
less steels with the excellent antibacterial property. Unfortu-
nately, the precipitation af-Cu negatively affects the corro-
sion property of stainless steels.

Copper dissolved in austenite solid solution does not detri-
mentally affect the stability of the passivated oxide film. How-
ever, after ageing treatment,Cu precipitates on the passi-
vated film and reduces the corrosion resistance of steels in
NaCl solution[11,13]. This effect is related to the galvanic
corrosion which occurs between theCu precipitates on the
passivated film. The corrosion potential &Cu is known
to exceed that of austenite stainless steel in NaCl solution
[12,14] Once the active-Cu precipitates on the passivated
film, the corrosion rate of-Cu precipitates will exceed that
of the passivated film. The-Cu phase is not resistant to pit-
ting corrosion in a solution that contains chlorid22]. The
precipitations of the-Cu phase are the “weak points” of the
passivated film, susceptible to local attack. Oncetl has



220 I.T. Hong, C.H. Koo / Materials Science and Engineering A 393 (2005) 213-222

0.1 + Aging a1 800G for 120mims 0.05V as the Cu content increases from 0 to 1.5wt.%. When
the Cu content exceeds 3.5 wt.%, the pitting potential declines
more obviously. The Cu content in those steels is enough to
cause the-Cu phase to precipitate upon the passivated film
during the ageing treatments. Thes€u precipitates will
cause passivated film to become discontinuous and unable to
resist the pitting corrosion, reducing the pitting potential.

3.5. Antibacterial test

Pitting Potential E(V)

The S. aureuss used as the testing bacteria in this test.
The specimens witls. aureusvere incubated at 25C for

03 — T T T 24 h. The number of the live bacteria and the antibacterial
0 1 2 3 4 5 rate were measured by the plain-plate dilute method.
Cu contents(wt%) The precipitation of the-Cu phase on the surface of stain-

less steel enables the Cu-ionsto be dissolved from it and, thus,
come into contact with the bacteria on the surface of steel
[1-3]. These Cu-ions can kill bacteria by destroying their
cell walls and cell membranes because Cu-ions that have the
been depleted by galvanic corrosion, the passivated film of strong reduction can extract the electrons from the bacteria,
stainless steel will be discontinuous, as showfim 7(b). causing their cytoplasm to run off and oxidizing their cell
These discontinuities of the passivated film reduce the re- nucleus[1-3]. A large amount ok-Cu precipitates on the
sistance of stainless steel to pitting corrosibig. 8 reveals passivated film corresponds to more Cu-ions can be dissolved
that pitting potential of the SUS 304 steel after ageing at on the surface of the stainless steel, and better antibacterial
800°C for 120 min declines as the Cu content increases. Theability.

passivated oxide film of SUS 304 steel without any Cu is  Table 2states the antibacterial rate of SUS 304 steel that
continuous and dense, effectively resisting the pitting corro- contains Cu. The results reveal that after ageing treatment
sion caused by chloride ions. The pitting potential declines to at 700 or 800C for 30 to 120 min, the SUS 304 steels that

Fig. 8. Effect of Cu addition on the pitting potential of SUS 304 steel after
solution-treating at 1050C for 5 min and then ageing at 809G for 120 min.

Table 2
The antibacterial rates of SUS 304 steel with various Cu contents
Heat treatment conditions (all specimens were solution-treated The number of The number of Antibacterial
at 1050°C for 5 min before ageing treatment) cultivated cultivated bacterial rate (%)
bacterial after 24 h
SUS304 stder 0wt.% Cu ageing at 700C for 240 min 41x 10° 2.8x 1P 0
SUS304 stder 0wt.% Cu ageing at 800C for 240 min 2.8 10° 1.7 x 1P 0
SUS304 steel + 1.5wt.% Cu ageing at 7@for 30 min 4.6x 10° 5.1x 10* 30.04
SUS304 steel + 1.5wt.% Cu ageing at 7@for 120 min 41x 10° 9.2x 10° 8172
SUS304 steel + 1.5wt.% Cu ageing at 7@0for 240 min 4.1x 10° <10 9999
SUS304 steel + 1.5 wt.% Cu ageing at 8@0for 30 min 2.8x 10° 3.6x 10 2340
SUS304 steel + 1.5wt.% Cu ageing at 8@for 120 min 4.6¢ 1P 5.1x 10 30.04
SUS304 steel + 1.5wt.% Cu ageing at 8@for 240 min 41x 10° <10 9999
SUS304 steel + 2.5 wt.% Cu ageing at 7a0for 30 min 4.6x 10° 3.8x 10 4154
SUS304 steel +2.5wt.% Cu ageing at 7@0for 240 min 4.1x 10° <10 9999
SUS304 steel +2.5wt.% Cu ageing at 8@for 30 min 2.8x 10° 1.3x 10 64.80
SUS304 steel +2.5wt.% Cu ageing at 8@for 240 min 2.8¢< 10° <10 9999
SUS304 steel +3.5.wt.% Cu ageing at 7@0for 30 min 4.6x 10° 1100 9900
SUS304 steel +3.5wt.% Cu ageing at 7@0for 240 min 4.1x 10° <10 9999
SUS304 steel +3.5wt.% Cu ageing at 8@for 30 min 2.8x 10° <10 9999
SUS304 steel +3.5wt.% Cu ageing at 8@for 240 min 2.8¢ 10° <10 9999
SUS304 steel +4.5wt.% Cu ageing at 7@for 30 min 4.6x 10° <10 9999
SUS304 steel +4.5wt.% Cu ageing at 7@0for 240 min 4.1x 10° <10 9999
SUS304 steel +4.5wt.% Cu ageing at 8@for 30 min 2.8x 10° <10 9999
SUS304 steel +4.5wt.% Cu ageing at 8@for 240 min 2.8¢< 10° <10 9999
SUS304 steel +5.5wt.% Cu ageing at 7@for 30 min 4.6x 10° <10 9999
SUS304 steel +5.5wt.% Cu ageing at 7@0for 240 min 4.1x 10° <10 9999
SUS304 steel +5.5wt.% Cu ageing at 8@for 30 min 2.8x 10° <10 9999
SUS304 steel +5.5wt.% Cu ageing at 8@for 240 min 2.8¢< 10° <10 9999

This experiment was conducted by Food Industry Research and Development Institute of R.O.C. in Taiwan.



I.T. Hong, C.H. Koo / Materials Science and Engineering A 393 (2005) 213-222 221

Fig. 9. The breeding status &taphylococcus aureusn SUS 304 steel: the SUS 304 steel: (a) without Cu addition and (b) with 2.5wt.% Cu addition,
ageing-treated at 80 for 30 min. The SUS 304 steel (c) without Cu addition and (d) with 2.5wt.% Cu addition, ageing-treated @tf80@40 min.

contain either 1.5 or 2.5 wt.% Cu do not exhibit good antibac-
terial ability, because the amount of added Cu is too little to
be precipitated effectively on the passivated film by ageing
treatment, so the antibacterial rate is quit low. However, when

d-ferrite morphology strongly depends on the compo-
sition of the SUS 304 steel. After hot rolling and heat
treatment, thé-ferrite disappears and thé-martensite
formes in the austenite grain.

the ageing time is extended to 240 min, adding even 2.5wt.% (2) Microstructural observations reveal that adding 2.5 wt.%

or less Cu generates enougiCu precipitates by long-time

diffusion, to make the antibacterial rate reach 99.99%. When
the Cu content exceeds 3.5 wt.%, the antibacterial rates of all
stainless steels can be as high as 99.99% for all the ageing?3)

times.
Fig. 9presents the breeding statusfaureusvhich are

cultivated on the surface of the as-received SUS 304 steel
and the SUS 304 steel that contains 2.5wt.% Cu. After the
S. aureushad been cultivated for 24 h, many fewer bacte- (4)
ria present on the surface of the SUS 304 steel that con-

tains 2.5 wt.% CuFKig. 9b)) than on that of as-received SUS
304 steel Fig. 9(a)). This result reveals that adding Cu pro-
vides SUS 304 steels with the antibacterial propé&iity. 9(c)

and (d) reveal that when ageing treatment is prolonged from
30 min to 240 min, the bacteria cultivated on the SUS 304

steel surface are all extinguished £¥Cu precipitates.

4. Conclusion

or more Cu to the austenitic stainless steel can eliminate
the o’-martensite and reduce the formation of ret&in
ferrite.

The ultimate tensile strength declines as the Cu content
in the stainless steels increases when less than 2.5 wt.%
Cu is added. However, when more than 3.5wt.% Cu is
added, the UTS increases with the Cu content due to
severe solid-solution strengthening.

Thee-Cu precipitated on the passivated oxide film causes
the film to become discontinuous, reducing the pitting
potential.

When the amount of added Cu exceeds 3.5wt.%, even
if the ageing time is as short as 30 min, the antibacterial
rate is 99.99%. However, Cu addition should not exceed
3.5wt.% to ensure that SUS 304 steels that contain Cu
exhibit a balance among formability, corrosion resistance
and antibacterial properties.
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