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Abstract 
To investigate the antibacterial activity of severe plastically deformed pure Cu 
by high-pressure torsion (HPT), the generation of reactive oxygen species 
(ROS) which might be the main origin of antibacterial activity of Cu, Cu disc 
(1.00 × 10−2 m in diameter, 1.0 × 10−3 m thick) has been evaluated using chem-
iluminescence (CL) with the luminol solution; HPT processes were performed 
under various torsion turns, 0, 1/4, 1, 3 and 10 turns under uniaxial pressure 
of 6.0 GPa and rotating speed of 1.667/s (1.0 rpm) at room temperature. Cu 
disc which was HPT-processed with the 1/4 turn, simply denoted as HPT1/4 
Cu disc, showed the highest summation of CL intensity, ΣCL, among those of 
other HPTed discs, and this value was 2.7 times higher than that of as-obtained 
disc. Furthermore, HPT1/4 disc heated at 523 K (250˚C) in a vacuum (2 × 10−3 
Pa) for 1.8 × 103 s (30 min) brought much higher ΣCL value, about 35 times 
of as-obtained disc. Then, the components of ROS generated were investigated 
using the combination of luminol + scavengers corresponding to each ROS. 
About 45% of ROS were strong antibacterial active hydroxy radical ·OH and 
hydrogen peroxide H2O2. 
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1. Introduction 

As exhibiting both prominent ductility and tractility, copper is a suitable metal 
material for plastic deformation processing such as i) forging [1], ii) rolling [2], 
iii) stamping [3], iv) extrusion [4], v) drawing [5], and vi) forming [6]. In general, 
it has been told that much strain which has been introduced by plastic defor-
mation often induces degradation of mechanical properties [7]. However, re-
cently, ultra-large strain processing [8] has been attracting due to a new finding 
of much improvement or change of mechanical [9], electrical/electronic [10], and 
thermal properties [11] which have been brought by the change in its micro- or 
nano-structure. Severe plastic deformation is one of the most effective approach 
to control micro- or nano-structure. There are different kinds of severe plastic 
deformation processing, such as equal-channel angular pressing (ECAP) [10], 
high-pressure sliding (HPS) [12], and high-pressure torsion (HPT) [13]. Many 
papers on the mentioned properties of severe-plastic-deformation-processed pure 
Cu have been published [14]. For example, the microstructure and mechanical 
properties of Cu processed by HPT were investigated [9]. Furthermore, the evo-
lution of electrical conductivity and hardness with strain has been evaluated for 
ECAP and HPT processed Cu [15].  

The present authors have been studying the antibacterial activities of metal ox-
ide powders, ZnO [16] and rutile TiO2 [17] using chemical luminescence (CL) 
[18], and developed the significant antibacterial ZnO and TiO2 which reveal con-
tinuous antimicrobial activity even under light shielding. Recently, we have 
changed the studying materials from metal oxide to pure metal, especially, focused 
on copper because Cu has been widely recognized as antibacterial material [19]. 
As the antibacterial activity is much dependent on the physical and chemical 
properties of outermost surfaces, it requires analytical technology for the evalua-
tion of surface, in addition to the conventional analyzing techniques to study the 
mechanism of antibacterial activity. Due to large surface area compared with bulk, 
the fine powder was selected first for studying antibacterial activity of Cu [20]. We 
studied and found the good powder additives (anatase TiO2) [20] to enhance its 
antimicrobial activity of powder Cu. Then, we focused on investigating the ther-
mal effect on the antibiotic properties bulk Cu, which resulted in finding a suitable 
heat treatment to introduce the formation of Cu oxides, such as Cu2O and CuO 
thin films on the surface of Cu [21]. Then, the relationship between crystal plane 
and antibacterial activity was studied [22]; it was found that (100) plane was dom-
inant for improving the antimicrobial activity of Cu. Furthermore, we have 
changed our study from basic science to industrial technology i.e., investigating 
the relationship between the plastic deformation and antibacterial activity; be-
cause up to now few papers concerning about this subject have been published, 
nevertheless their mechanical properties have been much investigated. To study 
the antibacterial activity of plastically deformed pure Cu, the generation of reac-
tive oxygen species (ROS) on the surface Cu has been evaluated [18]. Here, it 
should be clarified that it has been already reported that ROS has a strong rela-
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tionship on killing bacteria and virus proved by using Escherichia coli (E. coli), 
Staphylococcus aureus (S. aureus) and A/Hong Kong virus [22].  

In the present study, high-pressure torsion (HPT) was used as the plastic defor-
mation process to give the sever controlled deformation to Cu test piece. And the 
generation of ROS was thought to be occurred on the outermost surface consisting 
of nanometer size thin-films of Cu2O/CuO on bulk Cu, a chemiluminescence (CL) 
method with luminol aqueous solution was adopted because this technique is very 
sensitive to detect ROS, furthermore, among four kinds of ROS; hydroxy radi-
cal ·OH, hydrogen peroxide H2O2, superoxide anion 2O−⋅  and singlet oxygen 1O2, 
to determine which ROS is mainly generated, the CL with the combination of lu-
minol and scavengers [23] corresponding to each ROS was also adopted. 

The purpose of this study is to evaluate the intensity change in antimicrobial 
activity of severely deformed pure Cu and to clarify the relationship between an-
timicrobial activity and deformation of Cu.  

2. Experimental Procedure 
2.1. Sample Preparation of Severe Plastically Deformed Pure Cu 

Discs and Test Pieces for Chemiluminescence Evaluation  

Oxygen-free copper (99.99% purity, C1020) discs with diameter 1.00 × 10−2 m, 
thickness 1.0 × 10−3 m (Kikukawa Industry Co. Ltd, Tokyo, Japan) was used as 
starting material. These Cu discs were severe plastically deformed by high-pres-
sure torsion (HPT) apparatus, under a 6 GPa vertical pressure, torsion turns of 0, 
1/4, 1.0, 3.0 and 10, a rotating speed of 1.667 × 10−2 /s (1.0 rpm: round per minute) 
at room temperature (R.T.). As far as torsion processing, the upper portion of Cu 
disc was fixed by the upper anvil and the bottom of disc was rotated by the lower 
anvil. The surfaces of both upper and lower anvils contacted with the Cu disc were 
consisted of concavity/convexity squares with a one side length of 175 µm and 40 
µm in depth. After the various HPT processing, Cu discs were heated under vac-
uum using the combined rotary and diffusion pumps (a degree of vacuum: 2.0 × 
10−3 Pa) with the rotary & diffusion pumps at 423 to 573 K for 1.8 × 103 s; these 
conditions were determined as follows: i) the degree of vacuum; 2.0 × 10−4 Pa, 2.0 
× 10−3 Pa, 2.0 × 10−1 Pa, ii) heating temperatures; 423 K, 473 K, 523 K, 573 K, and 
iii) soaking time; 6.0 × 102 s, 1.8 × 103 s, 6.0 × 103 s, and 1.8 × 103 s were examined. 
Among them, the vacuum heating conditions of 2.0 × 10−3 Pa, 523 K, 1.8 × 103 s 
gave the highest ΣCL value as mentioned afterward. 

To evaluate the depth profile of chemiluminescence intensity, the Cu disc sam-
ples were grinded with #1000 mesh SiC powders immersed in machine oil not to 
be oxidized during polishing. 

2.2. Evaluation 
2.2.1. Physicochemical Property 
The thickness of Cu discs was measured using a digital micrometer. Powder X-
ray diffraction (XRD: Smartlab, Rigaku, Tokyo, Japan) analysis with CuKα radia-
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tion (a wavelength of 0.15418 nm) was utilized for identification of the crystalline 
phases and evaluation of both crystallite sizes Xs and a lattice parameter a of Cu, 
and grain orientation Q (HKL) for crystal plane (HKL) using the following equa-
tion; Q (HKL) = [ΣI (HKL)/ΣI (hkl)] × 100 (%). Here, ΣI (HKL) is the summation 
of (HKL) plane’s diffraction intensity I (HKL), and ΣI (hkl) is the summation of 
all (hkl) plane’s diffraction intensities I (hkl). However, as the crystal structure of 
Cu is face-centered cubic (FCC) and due to the extinction law, ΣI (HKL) is only I 
(200); however, ΣI (hkl) is I (111) + I (200) + I (220) + I (311). The measuring 
conditions for both powder and thin-film XRDs were the same as follows: accel-
erating electric voltage and current were 45 kV and 200 mA, respectively, a scan-
ning speed 1.667 × 10−1˚/s (10˚/min) with a 0.01˚/step, a scanning angle 2 θ: 15˚ - 
100˚, except for an incident angle of 0.5˚ and a scanning speed 1.667 × 10−2˚/s 
(1˚/min) for the latter.  

Surface aspect and roughness of Cu discs were studied using a laser microscope 
(VK-X100/X200, Keyence, Osaka, Japan). Microstructural observation with a field 
emission-type scanning electron microscope (FE-SEM; SU8020, acceleration volt-
age 15 kV, Hitachi High-Technologies Corporation, Tokyo, Japan).  

2.2.2. Chemiluminescence (CL) Intensity Measurement and Evaluation 
of Reactive Oxygen Species (ROS) 

Chemiluminescence (CL) of Cu discs in a 2.5 × 10−7 m3 (0.25 mL) aqueous luminol 
solution with a concentration of 5.0 × 10−1 - 5.0 × 10−2 mol × m−3 (5.0 × 10−4 - 5.0 
× 10−5 mol × L−1) mixed with 4.0 × 10−6 m3 (4.0 mL) carbonic acid buffer solution 
(NaOH/NaHCO3, pH = 10.8 - 10.9) [24] was observed under dark conditions us-
ing a CL detector (CLA-FS3, Tohoku Electronic Industrial Co., Ltd., Sendai, Ja-
pan). After dropping the luminol solution in a 6.0 × 101 s’ warming up of the de-
tector, the intensity of CL was integrated between 6.1 × 101 - 6.0 × 102 s. The sum-
mation of CL intensity for 5.4 × 102 s (9 min), ΣCL (9 min), which was calculated 
as follows: at first, estimate the summation of background noise, ΣCL (BG), from 
0 to 6.0 × 101 s, and then summarize the CL intensity from 6.1 × 101 to 6.0 × 102 s, 
ΣCL (total 9 min), finally, the true ΣCL (9 min) was determined to be ΣCL (total 
9 min) – ΣCL (BG) × 9. This true ΣCL (9 min), in a simple term, ΣCL (9 min) 
value was utilized to evaluate the amount of ROS generated from the surface of 
Cu disc.  
To determine 4 kind of ROS [25] shown in Table 1, hydroxy radical ·OH, hydro-
gen peroxide H2O2, superoxide anion 2O−⋅ ‚ and singlet oxygen 1O2, scavengers 
[23], 2-propanol (“2-pro”, for ·OH, Nacalai Tesque Chemicals, Kyoto, Japan), so-
dium pyruvate (“s-pyr”, for H2O2, Fuji-film Wako Pure Chemical Co., Ltd., Osaka, 
Japan), nitro blue tetrazolium (“nbt”, for 2O−⋅ , Nacalai Tesque Chemicals) and 
sodium azide (for short “NaN3”, for 1O2, Fuji-film Wako Pure Chemical) were 
used to determine which ROS was generated. At first, these scavengers were solved 
into the buffer solution with the concentration 5.0 × 10−2 mol × m−3 (5.0 × 10−5 
mol × L−1). Both each solution and a 4.0 × 10−6 m−3 (4.0 mL) pure buffer solution 
was mixed. CL measurement was performed as the same as CL intensity measure-
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ment, after a 6.0 × 101 s’ warming up of the detector, the intensity of CL was inte-
grated between 6.0 × 101 - 6.0 × 102 s. The amount of difference (D) for each ROS 
was evaluated using the equation of D = ΣCL (9 min, without scavenger) – ΣCL (9 
min, with scavenger). 
 
Table 1. Reactive oxygen species (ROS) and corresponding scavengers. 

ROS Scavengers 

·OH Hydroxy radical 2-propanol (2-pro) 

H2O2 Hydrogen peroxide Sodium pyruvate (s-pyr) 

2O−⋅  Superoxide anion Nitroblue tetrazolium (nbt) 

1O2 Singlet oxygen Sodium azide (NaN3) 

3. Results and Discussion 
3.1. Physical Properties, Such as Thickness and Crystal Structures 

of Cu Discs  

Figure 1 shows the compression rates t/to of Cu discs prepared by HPT process 
(under 6.0 GPa with the rotating speed of 1.0 rpm) as a function of number of 
HPT rotations. From 0 to 1/4 rotation, thickness t is decreased rapidly, compres-
sion rate t/to is also down to 71% - 76%, and after 1 rotation t is reduced gradually 
up to 10 rotation; there, compression rates t/to is reached at around 64%. 
 

 
Figure 1. Compression rates t/to of various Cu discs prepared by HPT. 
 

Figure 2 shows the powder X-ray diffraction (XRD) patterns of Cu surfaces of 
(a) as-obtained and (b) after HPT 1/4 rotation, respectively, afterward abbreviated 
HPT1/4 is used. Much difference between them is the XRD intensities of I (111) 
and I (200); I (200) is the highest among all diffraction peaks in the former (a), 

https://doi.org/10.4236/msa.2026.172004


Ken hirota et al. 
 

 

DOI: 10.4236/msa.2026.172004 55 Materials Sciences and Applications 
 

however, instead of I (200), I (111) becomes the highest in the latter (b). It might 
be stated that the crystal plane (111) of slip surface of FCC [26] Cu becomes su-
perior just after only 1/4 turn. 

 

 
Figure 2. XRD patterns of (a) as-obtained Cu disc and (b) HPTed Cu disc after 1/4 turns. 
 

Orientation degrees of (100) and (111) planes, denoted as Q (100) and Q (111), 
which were evaluated using the equations explained previously, of all severe plas-
tic deformed Cu disc surfaces, were shown in Figure 3. A curve of decreasing Q 
(100) resembles the compression rate of Cu presented in Figure 1. Between as-
obtained and HPT1/4, i.e., the numbers of HPT rotation are “0” and “0.25”, Q (100) 
decrease rapidly and then gradually after HPT “1.0”, followed by the passing 
through the lowest value of 17.2 and recovering to 20.4. On the contrary, Q (111) 
increases with increasing torsion turns rapidly between “0” and “0.25”and then 
gradually saturated, reversing the Q (100) curve. Then in order to recognize the 
change in microstructure of Cu discs, the crystallite size Xs of each crystal plane 
was evaluated using Scherre’s equation [27] as shown in Figure 4. As-expected 
from Figure 3, between 0 and 1/4 (=0.25) number of HPT rotation, Xs of (200) 
crystal plane decreased much from 55.3 to 30.0 nm down to 54%. However, after 
1/4 all Xs were recovered, especially Xs of (111) plane increased gradually than that 
of the as-obtained Cu disc, suggesting that severe plastic deformation induced the 
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crystalline growth of (111) plane; on the contrary, the crystallite sizes of other 
planes were almost constant. By the way, the angle between (100) and (111) planes 
is 54.7˚ in FCC structure [28]. 
 

 
Figure 3. Orientation degrees Q (100) and Q (111) as a function of numbers of HPT rotation. 
 

 
Figure 4. Crystallite sizes Xs determined by Scherre’s-eq. as a function of numbers of HPT 
rotation. 

3.2. Chemiluminescence (CL) of Cu Discs  

In order to evaluate the antibacterial activity of Cu discs before and after HPT pro-
cess, CL values were measured using luminescent luminol as described in 2.2.2. Fig-
ure 5 shows the summation of CL intensity ΣCL (9 min) of Cu discs before and after 
HPT process, with that of Cu square plate (25 × 25 × 1 × 10−3 m in size) as a refer-
ence; this Cu plate was used in our previous experiment and reported [20]. As far as 
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ΣCL (9 min) values, its standard deviation was about 20 - 24 k·count, sample sizes 
(N) of all ΣCL (9 min) values were 5; among them, and the maximum and minimum 
values were deleted and the average value was calculated from three values. Only the 
average values were plotted as the representative points. As mentioned above Figure 
3, a little (100) orientation for Cu disc (diameter 10, thickness 1.0 × 10−3 m in size), 
ΣCL (9 min) value is much higher than that of Cu plate nevertheless its smaller sur-
face area. It should be noted that just after 1/4 rotation, HPT1/4, ΣCL (9 min) values 
of both up and down sides surfaces become 2.0 to 2.7 times higher than that (1544 
k·count) of as-obtained Cu. However, with increasing HPT rotation, ΣCL (9 min) 
declined gradually as resembling both orientation degree Q (111) and crystallite size 
Xs (111) inversely. Then, the relationship between ΣCL (9 min) and average strain ε 
was studied: the latter e was calculated using ε = <r> × θ t /√3 equation; here, <r> is 
average radius 3.53 × 10−3 m, θ rotation angle (radian), t thickness of Cu disc 1 × 
10−3 m. Figure 6 exhibits ΣCL (9 min) of Cu discs as a function of average strain ε, 
suggesting that there is much strong relationship between them; only small strain 
induced under high pressure can bring high ΣCL (9 min) value. 

Based on some information that a vacuum heating had much influence on the 
ΣCL (9 min) of Cu thin film [22], HPT1/4 and HPT3.0 Cu discs were heated under 
vacuum (2 × 10−3 Pa) for 1.8 × 103 s (30 min). Figure 7 shows ΣCL of various Cu 
discs of HPT1/4 and HPT3.0 as a function of vacuum heating temperature. Although 
HPT3.0 reveals the highest ΣCL value of 2339 k·count at 523 K, HPT1/4 presented 
the extremely high ΣCL value of 54,165 k·count after DP (Diffusion Pump) vac-
uum heating at the same temperature. The reason for this effect might be ex-
plained by “Passive film [29]”. It has been reported that the higher stability of the 
Cu2O (111) precursor formed on the Cu substrate in basic aqueous solution (0.1 
M NaOH) in the initial stage of growth of the Cu (I)/Cu (II) duplex passive film  
 

 
Figure 5. Summation of CL intensity ΣCL (9 min) of HPTed Cu discs. 
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Figure 6. Summation of CL intensity ΣCL (9 min) of HPTed Cu disc vs. average strain ε. 
 

 
Figure 7. ΣCL of various Cu discs as a function of vacuum heating temperatures. 
 
which could bring the generation of CuO/Cu2O terrace or steps on the purified 
outermost surface of Cu, i.e., many tiny CuO/Cu2O thin-film oxide islands are 
formed at the most active edges [30] on the surface of Cu under low partial oxygen 
pressure (vacuum heating). These oxide islands formed on Cu surface after the 
vacuum heating were observed by the present authors using a high-resolution 
transmission electron microscope (TEM) [22].  

Next the components of ROS were determined as the same methods as our pre-
vious reports [18] [20]. Figure 8 summarized the CL intensity, where ΣCL (9 min) 
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values were presented as the height of bar graph and the components of ROS were 
color-coded in each bar. It should be noted that ΣCL of HPT1/4 Cu disc increased 2.7 
times higher than as-obtained disc, furthermore, a vacuum heating at 523 K for1.8 × 
103 s (30 min) brought much higher ΣCL, about 35 times of that of as-obtained. And 
using the scavenger corresponding to each ROS, about 45% of ROS were strong an-
tibacterial active hydroxy radical ·OH and hydrogen peroxide H2O2 [31].  
 

 
Figure 8. Components of ROS of various Cu discs. 

3.3. Characterization of the Outermost Surface of Cu Discs 

As it might be presumable that ROS could be generated on the outermost surface 
of Cu discs, the characterization of outermost surfaces of various Cu discs was 
performed. Figure 9 shows the laser micrographs of the overview of as-obtained 
(A, top) and HPT1/4 (B, top) with the line-analysis (intersect) (A, lower) and (B, 
lower), respectively, indicating roughness RZ. Though the surface of as-obtained is 
relatively flat, that of HPT1/4 consists of the concavity and convexity; a square on a 
side of 1.75 × 10−4 m (175 µm) with the height of about 4.0 × 10−5 m (40 µm). These 
squares were formed by the grip-surface of anvil during HPT process. Then, the 
outermost surfaces of as-obtained, HPT1/4, and HPT1/4 plus DP (diffusion pump 
vacuum 2.0 × 10−3 Pa/1.8 × 103 s/523 K) heating were observed using SEM under 
various magnifications. Figure 10 exhibit their SEM images; top line (A-1, B-1, C-
1), middle line (A-2, B-2, C-2), and bottom line (A-3, B-3, C-3), taken under low 
(×102), middle (×103), and high (×104) magnifications, respectively. On the con-
trary, the vertical line, left to right No.1 is as-obtained Cu, No. 2 HPT1/4 Cu, and 
No. 3 HPT1/4 plus DP Cu, images are presented. The values of ΣCL (9 min) and 
orientations of Q (100)/Q (111) are also shown in low and high magnifications 
lines, respectively. First of all, we noticed that when B-1 is compared with C-1, the 
surface of latter looks like being covered with “thin fog”, as the same as B2 vs.C-2  
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Figure 9. Laser micrographs of as-obtained and HPTed Cu discs with surface roughness 
information. (A) Overview of as-obtained Cu disc with Rz. (B) Overview of HPT1/4 Cu disc 
with Rz. 
 

 
Figure 10. SEM photographs of the surface of Cu discs taken under various magnifications; 
(A) and (B) are as-obtained and prepared after HPT 1/4 process, respectively. (C) is prepared 
by vacuum heating (2.0×10-3Pa for 30 min) at 523 K after HPT1/4. 
 
and B-3 vs. C-3, indicating the thin oxide film was generated on the outermost 
surface. In general, the formation of metal oxide thin-film on bulk metal in a vac-
uum has been explained as that two kinds of oxidation might be occurred; one is 
“Passive oxidation” [29] and the other is “Active oxidation” [29]. During the vac-
uum heating under 2.0 × 10−3 Pa (PO2 = 4.2 × 10−4 Pa) at 523 K, “passive oxidation” 
might occur; at first the absorbed water on the surface of HPT1/4-Cu was removed, 
and then, thin-film of Cu2O was formed under low partial oxygen pressure PO2 = 
4.2 × 10−4 Pa near the active crystallite, grain boundaries and some crystal defects 
(voids, dislocations). At this temperature and PO2, an equilibrium oxygen pressure-
temperature reported for Cu [32] supports that CuO is stable. However, Cu2O 
should have been generated on the outermost surface of Cu first, then thin-film of 
CuO was introduced on the Cu2O layer. As mentioned above ROS could be gener-
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ated mainly at the active steps [30] or edges between Cu2O and CuO thin-films. 
Then, from the crystal viewpoint, the characterization has been performed to un-
derstand the relationship between the Cu crystallite changes and ΣCL. 

Figure 11 shows thin-film XRD patterns of various Cu discs: as-obtained, up-
per and lower surfaces of HPT1/4, and upper and lower surfaces of HPT1/4 + 423 
K/30 min vacuum heated. Although XRD patterns of all as-obtained and upper 
surfaces of HPT1/4 and HPT1/4 + 423 K/30 min DP vacuum heated are the same as 
Cu reported [33], those of lower surfaces of HPT1/4 and HPT1/4 + 423 K/30 min 
DP are a little different; all diffraction peaks are shifted to the higher angle, which 
means that the lattice constant of lower surface of Cu is smaller than ordinary Cu. 
This phenomenon can be explained by that the outermost surface (its depth might 
be estimated to be around 200 nm) [34] of lower surface was compressed in a hor-
izontal direction during HPT process because the lower anvil was rotated, on the 
other hand, the upper anvil was immobilized. Based on these data the lattice con-
stants a of upper and lower surfaces is calculated to be 0.35734 and 0.35320 nm, 
respectively. Here, it should be noted that the value of a (upper) is the same as a 
reported for bulk Cu [33]. Therefore, shear strain γ = ∆a/a (upper) = 0.00414, and 
transverse modulus G of copper is around 44.82 GPa [35], and then shear stress τ 
can be estimated to be around 0.52 GPa using an equation of τ = γ·G. This value 
is less than 1/10 of vertical stress 6.0 GPa. Here, it is noteworthy that the lower 
surface of Cu disc was much affected by shear stress than the upper surface.  
 

 
Figure 11. Thin-film XRD patterns of various Cu discs: XRD patterns of both HPT4/1 and + 
423 K/30 min DP (vacuum heated), upper and lower surfaces. 
 

Then the microstructural change in Cu disc before and after HPT process was 
studied. Figure 12 summarizes the orientation degrees Q (100), Q (111) and crys-
tallite sizes Xs at the outermost and a few micron inside of as-obtained and HPT1/4- 
Cu discs. The former (the outermost) and the latter (several tens of µm inside) 
were evaluated with thin-film and powder XRD analyses, respectively. At the 
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outermost surface of as-obtained Cu, the slipping surface of (111) plane [26] is 
dominant and on the contrary (100) plane is backfoot, followed by a small their 
Xs; this might be due to the production of metallic rolling process of Cu sheet with 
a 1.0 mm thickness. However, in the crystal structure of as-obtained Cu inside, Q 
(100) is high at the same time both crystallite sizes Xs (100) and Xs (111) are large. 
On the other hand, the outermost surface of upper HPT1/4 surface evaluated with 
the thin-film XRD exhibits high Q (111) and low Q (100) as the same manner. 
However, the orientation degrees and crystallite sizes for the lower outermost sur-
face of HPT1/4 are much different from those of upper surface, these crystallo-
graphic discrepancies might be originated from the stiffness of Cu, 40~50 GPa; 
the upper anvil was fixed, on the other hand, the lower anvil was rotated; an ex-
tremely high torsion force between the upper and lower surfaces was applied, i.e., 
the strong horizontal deformation by the rotating lower anvil. 
 

 
Figure 12. Distribution of orientation degrees; Q (111) and Q (100), and crystallite sizes; 
Xs(111) and Xs(100), for each (111) and (100) planes, determined using thin-film and powder 
XRDs, of as-obtained and HPT1/4 Cu discs, respectively. 
 

As the CL measurement can present the information about the outermost sur-
face and the fact that in the upper surface there is little evidence for deformation, 
so in order to investigate the relationship between antibacterial activity through 
generation of ROS and severe plastic deformation, the surface was polished from 
the outermost to inside of discs. Figure 13 shows some properties such as ΣCL (9 
min), orientation degrees Q (100), Q (111), and crystallite sizes Xs (100) and Xs 
(111) as a function of depth from the outermost surface for HPT1/4 + DP 523K Cu 
discs. From these depth profiles, it might be safe that inside of plastic deformed 
Cu, even after severe HPT, the microstructural change which can introduce the 
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double thin-oxide layers, i.e., Cu2O/CuO (as we think that this double thin-oxide 
layer and their edges can generate ROS in air) in air might decrease with getting 
deeper. Especially, around 30 to 40 µm in depth, a sudden drop of ΣCL (9 min), 
corresponding to the “hill” height which was brought by WC (tungsten carbide) 
grip during HPT process, was observed. The other physical properties are con-
stant until the depth of about 200 µm where ΣCL (9 min) reaches around 20%. 
These data proved that regardless of the application or not application of severe 
plastic deformation, only the surface of bulk Cu shows strong antibacterial activ-
ity. In summary, although there are numerous publications about the application 
of severe plastic deformation to control mechanical or functional properties of 
metallic and non-metallic materials, as discussed in two recent mega-review pa-
pers [36] [37], the current study presents the first report on actinobacterial anal-
yses of such materials by the CL method. Since such analyses are quite sensitive to 
the utmost surface layer of the material, it appears that severe plastic deformation 
methods not only modify the bulk but also affect the surface properties. 
 

 
Figure 13. Change of physical properties as a function of depth d from the outermost surface 
of HPT1/4 + DP 523 K for 1.8×103 s (30 min). 
 

In summary, although there are numerous publications about the applica-
tion of severe plastic deformation to control mechanical or functional proper-
ties of metallic and non-metallic materials, as discussed in two recent mega-
review paperes [36] [37], the current study presents the first report in actino-
bacterial analyses of such materials by the CL method. Since such analyses are 
quite sensitive to the outermost surface layer of the material, it appears that 
severe plastic deformation methods not only modify the bulk also affect the 
surface properties.  

4. Conclusion  

Although being much interesting from mechanical and electrical viewpoints, the 
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antibiotic properties of severely plastic deformed Cu, such as high-pressure tor-
sion (HPT) has not been studied up to now. This paper is the first report about its 
antibiotic activity using chemiluminescence (CL). From this study following re-
sults have been obtained.  

About antibacterial activity of HPTed Cu 
1) The summation of CL intensity (ΣCL), of Cu disc prepared under the condi-

tion of 1/4 round torsion at pressure of 6.0 GPa with a rotating speed of 1.0 rpm, 
namely HPT1/4 Cu disc, increased 2.7 times higher than as-obtained disc.  

2) These HPT conditions give the compression rate about 70% - 75% and strain 
e about 10. 

3) Furthermore, a vacuum heating at 523 K for 1.8 × 103 s (250˚C/30 min) 
brought much higher ΣCL, about 35 times of as-obtained Cu disc. 

4) Using the scavenger corresponding to each ROS, about 45% of ROS were 
strong antibacterial active hydroxy radical × OH and hydrogen peroxide H2O2. 
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