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ABSTRACT

Effects of surface grain refinement and residual stress on the local and global properties of pure Cu
processed using ultrasonic nanocrystalline surface modification (UNSM) was investigated. To distin-
guish each contribution to the local hardness and global tensile properties of the UNSM treated Cu,
a stress-relief specimen of the same microstructure as the UNSM treated one was produced by low-
temperature annealing after the UNSM treatment. The distinct contributions of residual stress and
surface grain refinement to the tensile property of UNSM treated Cu were determined and discussed.
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IMPACT STATEMENT

The contributions of surface grain refinement and compressive residual stress on the enhanced local
and global strengths of the UNSM-processed Cu were estimated as 80% and 20%, respectively.

A persistent dream in the structural material commu-
nity is to achieve both high strength and ductility. How-
ever, it is well known that homogeneous ultrafine-grained
(UFG) and nanocrystalline (NC) metallic materials have
high strength but low ductility. As a result, many stud-
ies on heterogeneous microstructure materials have been
performed to improve their strength and still provide rea-
sonable ductility in UFG materials [1,2]. In particular,
creating a gradient structure is one of the solutions used
to overcome the strength and ductility trade-off. Gradi-
ent structured materials have heterogeneous microstruc-
tures with varying grain size (from a few nanometers or
micrometers to a few millimeters) from the surface to
inner regions and many good mechanical properties have
been reported by those using this approach [3,4].
Surface severe plastic deformation (S*PD) processes,
such as surface mechanical attrition treatment (SMAT),

shot peening (SP), and high-pressure torsion [5-8], are
efficient surface-nanostructuring processes used to man-
ufacture gradient structure with high-strength UFG or
NC surface regions. Recently, a new S?PD called the
ultrasonic nanocrystalline surface modification (UNSM)
technique, shown in Figure 1, has exhibited improved
global mechanical properties as well as surface proper-
ties of the processed material [9,10]. The advantages of
the UNSM technique include uncomplicated production
facility, low apparatus and processing costs, and easily
and accurately controllable static and dynamic loadings.
These are characteristics important not only for obtain-
ing accurate and reproducible gradient microstructures
but also for realistic industrialization [11].

The source of the evolution of microstructure and
improved properties in S?PD-processed materials is the
combination of surface grain refinement and residual
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Figure 1. Schematic of the UNSM system and the specimen.

stress. Nevertheless, most of the reports on S?PD-
processed materials have dealt with microstructural
aspects and ignored the residual stress effect. However,
as with the other S’PD processes (e.g. SMAT and SP),
UNSM induces highly compressive residual stress in the
processed surface region [12-14]. While there have been
several studies on the effect of residual stress on improved
fatigue properties of S>PD-processed materials, the sepa-
rate effects of surface grain refinement and residual stress
on the tensile/compressive properties have hardly been
investigated [15-17]. To examine the tensile properties
of the S2PD-processed materials, if any examination of
them was done, micro samples for the tensile tests were
fabricated from the local nano crystalline region and the
residual stress was ignored [18,19]. In addition to the
local properties, the global mechanical behavior of a pro-
cessed material is also important in engineering design
for specific applications.

In this study, the effects of residual stress and sur-
face grain refinement on the local and global mechanical
properties of Cu processed by UNSM were investigated.
To distinguish the contributions of surface grain refine-
ment and residual stress to the local and global properties
of the UNSM treated Cu, a stress-relief specimen with
the same microstructure as the UNSM treated one was
produced by low-temperature annealing after the UNSM
treatment.

For the experimental study, pure Cu was selected.
Copper sheet with commercial purity of 99.99% was
annealed at 600°C for 2 h. This was followed by furnace
cooling for homogenization in the initial state (homoge-
neous and stress-free) specimen. For UNSM processing,
dog-bone shaped specimens of 1.5 mm gauge length and
6.25mm diameter were fabricated from the annealed
sample. The specimens were designed based on the
ASTM E8 standard size with reduced gauge length. The
UNSM process was performed at room temperature and
the parameters related to the quality of the UNSM pro-
cess are listed in Table 1.

To remove the residual stress induced on the surface
after the UNSM process without microstructural change,

Table 1. UNSM treatment parameters for pure Cu.

Rotation WCtip
Frequency Amplitude speed Impact  Feed speed diameter
(kHz) (pum) (rpm) load (N)  (mm/rev) (mm)
20 30 65 30 0.07 238

low-temperature heat treatment (HT) was performed at
50°C for 4h. This HT condition was determined after
doing various experiments with several combinations of
temperature (from 50°C to 100°C) and time. The temper-
ature and time were chosen at which the residual stress
could be removed effectively to prevent recrystalliza-
tion or grain growth [20]. Hereafter, the UNSM treated
sample and the surface-grain-refined + stress-relief spec-
imen will be called UNSM and UNSM + HT samples,
respectively.

To observe the grain size distributions of the samples,
the microstructures in the cross-sections were examined
using a field emission scanning electron microscope (FE-
SEM: XL-30S FEG, Philips Electron Optics, Netherlands)
equipped with electron backscatter diffraction (EBSD).
The EBSD data were analyzed using orientation imaging
microscopy (OIM) analysis software (TSL OIM Analy-
sis 5).

The residual stress of the samples was investigated
using X-ray diffraction (XRD: D/MAX-2500, RIGAKU,
Japan) and checked using nano indentation analysis (Agi-
lent G200, CA, USA) [21,22]. For XRD measurement,
cube-shaped specimens with the volume of 1 cm® were
prepared and each measuring side was processed by the
UNSM treatment. The experimental parameters of the
UNSM process are listed in Table 1. The XRD patterns
of the Cu sample were measured from 30° to 140° and
the residual stress was calculated at the {111} plane. The
elastic lattice strains (&) of Cu were calculated using a
diffraction peak shift, as follows:

o sm90.—sm9) )
sin 6
where 0 and 6, are the diffraction angles for the deformed
and initial specimens, respectively [22]. Then, the resid-
ual stress (0) in a biaxial plane stress condition was
calculated as follows:

Enxie
o —

()

2Vhkl

where Ejy is the elastic modulus and vy is the Poisson’s
ratio of the hkl plane [23].

Nano indentation analysis was performed to analyse
the local hardness and qualitative residual stress of the
surface region in the cross-sections of the specimens.
Only the completely grain-refined regions (0-30 pm
below the surface) were investigated in this test.
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Figure 2. Optical microscopy image of UNSM-processed Cu.

To determine the global mechanical properties, ten-
sile tests of whole samples were performed with dog-
bone shaped specimens using a universal testing machine
(Instron 1361, Instron Corp., Canton, USA). This was
done at room temperature with a quasi-static strain rate
of 1 x 1073 s™!. The strain distributions on the speci-
mens were accurately measured using digital image cor-
relation (DIC) (ARAMIS v 6.1, GOM Optical Measuring
Techniques, Germany) [24].

Figure 2 shows an optical microscopy (OM) image of
a cross-section of the specimen after UNSM processing.
Deformation was generated in a surface region ~ 100 pm
thick. To investigate only the residual stress effect on the
tensile property of the UNSM-processed specimen, the
microstructure of the UNSM + HT specimen had to be
compared with the microstructure of the UNSM speci-
men. Hence, EBSD analyses on the initial specimen and

B Initial
B UNSM
Bl UNSM+HT

Surface
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deformed regions (~ 100 um deep) of the UNSM and
UNSM + HT specimen surfaces were performed.

Figure 3 shows the microstructure of the initial spec-
imen and the microstructural evolution after UNSM
and UNSM +HT treatment in the deformed region
(~0-100 um below the surface). The average initial
grain size measured using EBSD is 70 um. The deformed
region presents two visually distinct regions: completely
and partially refined. The thickness of the completely
refined UFG region was ~ 30 um from the surface after
UNSM, which is the same as in the UNSM + HT speci-
men (Figure 3(b)). To provide more detail of the surface
refinement, the completely refined regions (~ 30 um) of
the UNSM and UNSM + HT specimens were analyzed
using EBSD (Figure 3(c)). The grain sizes of the UFG
regions after UNSM and after UNSM + HT were ~ 2 pm.
The fractions of high-angle boundary and low-angle
boundary after UNSM were 0.387 and 0.325, respectively,
and after UNSM + HT were 0.395 and 0.310, respec-
tively, as shown in Table 2. The values of kernel average
misorientation (KAM) angle related to the geometri-
cally necessary dislocations were ~ 0.6 both after UNSM
and after UNSM + HT. This shows that low-temperature
annealing did not influence on the dislocation density
[21]. Although the average grain size did not change
during the HT, the thermally more unstable low-angle
grain boundary decreased. Both of these results show that

Figure 3. Inverse pole figure maps of the (a) Initial specimen, (b) Depth of ~ 100 um from the surface, and (c) Depth of ~ 30 pm from

the surface of the (1) UNSM and (2) UNSM + HT specimens.
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Table 2. Grain size and the fraction of high angle boundary and
low angle boundary of the initial, UNSM, and UNSM + HT Cu
specimens.

Fraction of grain boundary

Grain size (um) High angle Low angle
Initial 71.1 0.99 0.01
UNSM 22 0.39 033
UNSM + HT 20 0.40 0.31

the use of HT to relieve residual stress hardly changed
the microstructure of the UNSM-processed sample. It is
worth mentioning here that the average grain size refined
by UNSM can be in the range from several microns to
several tens of nanometers. The finest grain was found to
be about ~40 nm depending on the UNSM parameters.

Figure 4 shows the XRD and nano indentation exper-
imental results of the initial, UNSM, and UNSM + HT
specimens. The degree of grain refinement of the UNSM
and UNSM + HT specimens was estimated using XRD
peak broadening. The amount of compressive residual
stress was calculated from the peak shift using Equations
(1) and (2). The terms E;;; and vy;; were taken from
Ref. [23]. The lattice strain and the compressive resid-
ual stress on the surface generated during UNSM were
—0.00087 and 286 MPa, respectively, and, the generated
stress was totally relieved by low-temperature stress relief
annealing. The residual stress was measured on the top
surface of the specimen. The UNSM treated specimens
have gradient nano-grained structures on the surface.
The gradient nano-grained structure has much higher
yield strength in comparison to the coarse-grained coun-
terpart [4]. It has been reported that the measured grain
size of the UNSM treated Cu-based alloy was in the
rage of 40-100 nm at the top surface [10]. By calculating
the yield strength based on the Hall-Petch relationship
between yield stress and grain size of pure Cu, the yield
strength is estimated as ~ 600 MPa [25] and this value
consistent with the previous result in Ref. [4]. As a result,

the measured residual stress values using XRD analysis
can be verified. Some studies have also shown that the
value of residual stress on the top surface of the UNSM
treated samples is much bigger than the value of yield
strength of the untreated UNSM samples [11,26].

For the analysis of surface local properties, the
nano indentation load-displacement curves of the ini-
tial, UNSM, and UNSM+ HT specimens shown in
Figure 4(b) were measured in the completely deformed
region (~ 30 um below the surface). Because there was
no microstructural difference between the UNSM and
UNSM + HT specimens, the only difference between
the two specimens was residual stress. The hardness of
the initial specimen (1.96 GPa) increased to 2.62 GPa
(increment after UNSM 2.62 — 1.96 = 0.66 GPa) after
the UNSM process due to the combined effect of
the microstructure (grain refinement) and compressive
residual stress. The hardness of the UNSM + HT speci-
men decreased to 2.43 GPa. It should be noted that this
amount of hardness decrement (2.62 — 2.43 = 0.19 GPa,
~30% hardness increment) is due to the compres-
sive stress relief effect and the remaining hardening
(2.43—1.96 = 0.47 GPa, ~70%) is from the microstruc-
ture effect. That is, the compressive residual stress con-
tributed about 30% and the grain refinement contributed
about 70%, to the increase in hardness of the UNSM-
processed specimen. It should also be noted that this
combined effect influences only the surface-grain-refined
region, not the inner undeformed region.

Figure 5 shows the tensile stress—strain curves (global
mechanical property) of the initial, UNSM, and UNSM +
HT specimens. While the nano indentation results
(Figure 4) represent the contributions of the residual
stress and grain refinement to the strengthening of the
surface local region, the tensile testing corresponds to
the condition of the whole specimen (i.e. from the sur-
face to the center). The yield strengths of the initial
specimen, after UNSM, and after UNSM + HT are 84,

100000 . - . : . . . ;
(a) " Initial (b) 10} i
| —— UNSM L e -
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Figure 4. (a) X-ray diffraction patterns obtained on the surface and (b) Nanoindentation load-displacement curves of the initial, UNSM,

and UNSM —+ HT specimens.
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Figure 5. Tensile engineering stress—strain curves of the initial, UNSM, and UNSM + HT specimens.

131, and 122 MPa, respectively. That is, the contribu-
tions of the surface grain refinement and residual stress
to the increase of yield strength in UNSM were ~ 80%
(38 MPa) and ~20% (9 MPa), respectively. The differ-
ence in strengths between the UNSM and UNSM + HT
samples decreases with strain and approaches zero in
ultimate tensile strength (UTS). The UTS of the ini-
tial, UNSM, and UNSM + HT specimens was 226, 233,
and 233 MPa, respectively. The UTS increased about 3%
after UNSM and was not changed by the stress relief
heat treatment. This result shows that the compressive
residual stress contributes initially to the enhanced global
yield strength of the UNSM-processed Cu by ~20%,
and that the contribution decreases with strain within
the uniform plastic deformation stage (see the yellow
box region in Figure 5). Because the dislocation density
and strength in the severely deformed and grain-refined
surface region are already saturated and no more strain
hardening is occurring, the global UTSs of the UNSM
and UNSM + HT samples become similar. Though the
gauge length of the specimens is shorter than the ASTM
E8 standard size, the gage length does not influence on
the uniform elongation because we used accurate DIC for
measuring strain. The sample size effect on tensile testing
was clarified in Ref. [27].

In addition to the effect from the fraction of the
surface-grain-refined region, on the entire cross section
of the specimen, the tensile strength of the UNSM speci-
men was higher than the simple rule-of-mixture strength
due to additional strengthening by the strain gradient
effect and heterogeneous structure effect [1,28]. There-
fore, the contribution of residual stress is smaller in
tensile strength than in nano hardness.

In summary, the separate effects of residual stress
and surface grain refinement on the local nano hardness
and global tensile properties of UNSM-processed mate-
rial were investigated. Within the surface-grain-refined

region of the specimen, the contribution of residual stress
to hardening estimated using a nano indentation test was
~ 30%. For the regions of surface ultrafine-grain and core
coarse-grain, the contribution of residual stress to hard-
ening that was estimated using tensile tests was ~20%
in yield strength. This gradually decreased to zero in
the region of uniform deformation. In conclusion, it has
been proven that the contribution of residual stress is
not negligible when analyzing the mechanical behavior of
UNSM-processed materials. The current conclusion also
applies to surface-grain-refined, processed materials.
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