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Abstract

The presence of a gradient layer with an increased maximum microhardness and
extended thickness is extremely attractive because it can enhance the server
performances for surface-strengthened metallic materials. In this work, Cu-Al alloys
with different Al contents and microstructures were processed by surface spinning
strengthening (3S) and studies were conducted to examine the microstructure and
mechanical properties of the as-received Cu-Al alloys together with the gradient
microstructure and microhardness distributions of the 3S Cu-Al alloys. The
experimental results show that each group of 3S Cu-Al alloys having the same Al
content has approximately the same maximum microhardness at the topmost surface of
the gradient layers and the maximum microhardness increases with an increase in the
Al content. In addition, the thickness of the gradient layer in the 3S Cu-Al alloys
increases with a decrease of yield strength and an increase in the work-hardening
exponent, respectively. The relationship between the maximum microhardness and
chemical composition which determines the Young’s modulus and plastic deformation
mode, and the relationship between the thickness of the gradient layer and the
microstructure which governs the strength and work-hardening capacity, were both
investigated. It is shown that the maximum microhardness of the gradient layer depends
mainly on the chemical composition and is less related to the microstructure; whereas
the thickness of the gradient layer depends primarily on the strength and work-
hardening capacity and is closely related to the microstructure and independent of the
chemical composition. By combining the compositional design and microstructure
optimization of the as-received materials, and improving the surface strengthening
intensity, a gradient layer of the surface-strengthened materials with an enhanced

maximum microhardness and an extended thickness may be achieved.
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1. Introduction

Surface mechanical strengthening, which can create gradient microstructure and
gradient mechanical properties in the surface layers of metallic materials, may
effectively enhance the service performance of components and therefore it has
attracted much attention over the last decade [1-3]. Investigations of the gradient layer
focus primarily on the gradient structures which include the gradient nanograined,
nanolaminated and nanotwinned structures [4-6] and the surface strengthening
mechanisms include plastic deformation and grain refinement by dislocation
subdivision and twinning fragmentation [7, 8]. The microhardness and compressive
residual stress distributions in the gradient layers are also involved because they are
related to the formation of gradient microstructures and they affect the gradient
mechanical properties. The mechanical properties of surface-strengthened materials
with gradient layers have been investigated, such as the tensile, wear and fatigue
properties [8, 9]. As the gradient layer has an enhanced strength and the remaining
matrix maintains the original strength and ductility, surface-strengthened metals with
gradient layers provide a clear improvement in yield strength with only a small sacrifice
in ductility. An example is the AISI 304 stainless steel with a gradient nanostructure
processed by surface mechanical attrition treatment (SMAT) [10]. Due to the
introduction of the gradient layer with an improved microhardness, the wear resistance
of surface-strengthened metals is greatly improved. Thus, the wear loss of an AISI D2
tool steel was decreased after an ultrasonic impact treatment (UIT) [11]. Moreover,
there are enhanced fatigue properties including a suppression of fatigue crack initiation
and an increased fatigue life, as in a Ti-6Al-4V alloy processed by ultrasonic SMAT
[12]. and a 50CrMnMoVND spring steel processed by surface spinning strengthening
(3S) [13].

For surface-strengthened metals, the key parameter for achieving enhanced tensile
properties and service performance is to determine a procedure for constructing a

gradient layer which effectively controls the properties. When constructing a gradient
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layer, the grain size distribution, the dislocation density, the grain boundary (GBs) and
twin boundariy (TBs) densities along the depth direction are changeable and vary with
the method of surface mechanical strengthening and the type of metal [14-16].
Correspondingly, the properties of the gradient layer, such as the maximum
microhardness and the thickness of the gradient layer, exhibit significant differences.
For the same material processed by different surface strengthening methods, the
gradient properties are generally similar but there are some differences which may be
associated with the different surface strengthening intensities. For instance, pure copper
processed by platen friction sliding deformation produced a gradient layer with a
thickness of ~2000 um and a maximum microhardness of ~2.28 GPa on a base of ~1.04
GPa [17], whereas a pure copper processed by high-pressure surface rolling (HPSR)
exhibited a gradient layer with a thickness of ~1760 pm and a maximum microhardness
of ~1.9 GPa on a base of ~0.8 GPa [18].

For different materials processed by the same surface strengthening method, the
properties of the gradient layers exhibit significant differences which are mainly
affected by the material properties. Thus, an SAE 1045 steel after shot peening (SP)
treatment gave a gradient layer with a thickness of ~200 um, and a maximum
microhardness of ~330 HV on a base of ~230 HV [19] while a TRIP780 steel after an
SP treatment gave a gradient layer with a thickness of ~150 um and a maximum
microhardness of ~415 HV on a base of ~260 HV [20]. It was also found that both the
maximum microhardness and the thickness of the gradient layers of four structural
steels gradually increased with the increasing strength of the materials after a 3S
treatment with the same parameters [21].

It is generally difficult to obtain a thicker gradient layer since the maximum
microhardness increases compared to the matrix microhardness during any surface
mechanical strengthening for high-strength metals. By contrast, low-strength metals are
easily surface strengthened to give thicker gradient layers but the values of the increases
in the maximum microhardness are lower than for high-strength metals. Although some
research has been conducted to study the gradient layers of different materials treated

by different surface strengthening methods, the precise nature of the gradient layer,
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including the maximum microhardness and thickness, are not well defined for surface-
strengthened metals. Furthermore, the characteristics and evaluations of the maximum
microhardness and the thickness of the gradient layer lack a detailed systematic
investigation. In the present research, Cu-Al alloys having different Al contents were
employed as model materials and then subjected to a 3S treatmenet to reveal the
properties of the gradient layer including the maximum microhardness and the
thickness of the gradient layer. Thus, the overall objective was to explore the rules
governing the properties of the gradient layers and the essential factors associated with

the gradient structures that are introduced by surface mechanical strengthening.
2. Experimental material and procedures
2.1. Sample preparation

Cu-Al alloys with three different Al contents, including Cu-5Al, Cu-8Al, and Cu-
1T1Al (at. %), were selected and investigated in this research. After smelting, forging
and cold-rolling (CR) treatments, billets were produced with a thickness of ~5 mm for
each of the three Cu-Al alloys. The billets of the alloys with different Al contents were
divided into six parts and then annealed. The first three parts were annealed at 300 °C,
400°C, and 500 °C with a holding time of 30 min in a salt bath furnace and the cold-
rolling and annealing treatments were designated A300, A400 and A500, respectively.
The second three parts were annealed at 600 °C, 700°C and 800 °C with a holding time
of 1 hr in a box resistance furnace, and the cold-rolling and annealing treatments were
designated A600, A700 and A800, respectively. The rolled and annealed Cu-Al alloys
were surface strengthened using surface spinning strengthening (3S) with the same
parameters and intensities for each alloy. The spinning depth was 450 um, the rotation

speed was 600 rpm and the moving speed was 10 mm/min.
2.2. Microstructure observations

The microstructures of the as-received Cu-Al alloys were observed using a
scanning electron microscope (SEM) and an electron back-scattered diffraction (EBSD)
technique. The EBSD samples were mechanically ground and then electropolished with

a solution of CO(NH)> + H,O + (CH3)>CHOH + C>HsOH + H3POj4 in proportions of
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2.5 g, 250 mL, 25 mL, 125 mL and 125 mL, respectively. The microstructures of the
3S Cu-Al alloys were observed by SEM with an electron channeling contrast (ECC)
technique. The cross-sectional microstructures of the Cu-Al alloys after the A300, A500
and A800 treatments was observed by SEM-ECC where the preparation of the ECC
samples was the same as for the EBSD samples. Both the EBSD and ECC observations
were carried out using a LEO Supra 35 field SEM with an operating voltage of 20 kV.
The microstructures in the topmost surface layers (about 25 um from the upper surfaces)
were observed after the A300, A500 and A800 treatments using a JEOL 2100F
transmission electron microscope (TEM) with an operating voltage of 200 kV. The
TEM samples were initially mechanically ground to slices with thicknesses of a ~50
um and then twin-jet electropolished with a solution of H3PO4 + C,HsOH + H>O in

volume proportions of 1:1:2 at a temperature of 4~8 °C.
2.3. Mechanical tests and microhardness

Tensile tests of the as-received Cu-5Al (A700), Cu-8Al (A700) and Cu-11Al
(A700) samples were conducted in this research and the tensile properties for the other
samples were cited from previous work [22]. The tensile samples were cut by wire
electrical discharge machining (WEDM) with gauge dimensions of 16 x 4 x 5 mm?®,
and then mechanically polished using abrasive paper. The tensile testing was conducted
using an Instron 5982 testing machine with a contacting Instron extensometer at a strain
rate of 1 x 1073 g1,

The microhardness distributions in the surface layers of all 3S Cu-Al alloys were
measured by mechanically grinding and polishing along the cross-sectional directions
and then using a LECO AMH43 automatic microhardness tester fitted with a Vickers
indenter. The load was 100 g, and the holding time was 13 s. The distance between the
two indentations was 100 um and the angle between the measurement direction and the

depth direction was 30°.
3. Experimental results

3.1. Microstructure of the as-received Cu-Al alloys

By severe plastic deformation and then controlled heat treatments, metallic
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materials with fully recrystallized grains may be obtained. For example, Fe-22Mn-0.6C
twinning-induced plasticity (TWIP) steel with ultrafine grains [23] and a bulk
CoCrFeMnNi high-entropy alloy with recrystallized grains of different grain sizes [24].
In the present work, the three groups of Cu-Al alloys having different Al contents and
containing six states in each group were processed by similar cold-rolling and annealing
treatments and the microstructural characteristics of these rolled and then annealed Cu-
Al alloys were observed by SEM-EBSD. As shown in Fig. 1, all the as-received Cu-Al
alloy samples had fully recrystallized grains and the microstructural differences
between the samples are described later. For each group of alloys, the grain size
increases with an increase in annealing temperature. When the annealing temperature
is below 500 °C the grain size increases only slowly but the grain size increases rapidly
and some annealing twins are formed when the annealing temperature is increased from
500 °C to 800 °C. As a result, three groups of Cu-Al alloys were prepared having

different grain sizes and microstructural characteristics.
3.2. Tensile properties of the as-received Cu-Al alloys

The surface strengthening behavior of metallic materials is closely related to the
strength and ductility of the metals obtained by tensile testing [21, 25]. Hence, the
tensile engineering stress-strain curves of the as-received Cu-Al alloys are presented in
this work. Fig. 2a-c shows the engineering stress-strain curves of Cu-5Al alloys, Cu-
8Al alloys and Cu-11Al alloys, respectively. For the Cu-5Al alloys in Fig. 2a, the
sample with the A300 treatment has the highest yield strength and ultimate tensile
strength and the lowest uniform elongation. With an increase in annealing temperature
from A300 to A800 treatments, both the yield strength and the ultimate tensile strength
decrease and the uniform elongation increases. For the Cu-8Al alloys in Fig. 2b and
Cu-11Al alloys in Fig. 2c, the strength and elongation have the same trend as for the
Cu-5Al alloys. However, both the strength and elongation are improved simultaneously
when comparing the three groups of Cu-Al alloys with different Al contents after the
heat treatment. After the A300 treatment, the yield strength, ultimate tensile strength,

and uniform elongation increase in the order of the Cu-5Al, Cu-8Al and Cu-11Al alloys.
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Nevertheless, there remains a trade-off between the strength and elongation of each
group of Cu-Al alloys after the cold-rolling and annealing treatments but it is apparent
that increasing the Al content can break through the trade-off relation between strength
and elongation in the Cu-Al alloys. It should be noted that, in addition to the Cu-Al
alloys in this work, TWIP steel exhibits a similar relation between strength and
elongation. For example, an Fe-31Mn-3Al-3Si TWIP steel had a decreased strength and
an increased elongation with an increase in grain size although the trade-off relation
between strength and elongation was not broken [26]. Furthermore, a simultaneous
improvement of strength and elongation for the Fe-22Mn-0.6C TWIP steel was
achieved by adding a nitrogen addition [27].

In addition to strength and ductility, the work-hardening exponent is also an
important parameter characterizing the tensile behavior of metallic materials, and this
reflects the work-hardening ability and even the compatibility of metals during the
plastic deformation. In the present research, the effects of Al content and grain size on
the work-hardening ability of the Cu-Al alloys was examined and the relations between
the yield strength and work-hardening exponent are shown in Fig. 3. For the Cu-5Al
alloy, the work-hardening exponent is very low when the yield strength is high and the
work-hardening exponent decreases with an increase in the yield strength. Therefore,
there is also an obvious trade-off relation between the work-hardening exponent and
the yield strength. Moreover, the work-hardening exponents for both the Cu-8Al and
Cu-11Al alloys increase although the yield strengths of these two groups of Cu-Al
alloys are higher than for the Cu-5Al alloys. As a result, the trade-off relation between
the work-hardening exponent and yield strength is broken by increasing the Al content
in the Cu-Al alloys. Taken as a whole, the as-received Cu-Al alloys have a large range
of strength, ductility and work-hardening exponent for each group of Cu-Al alloys, and
increasing the Al content may break general trade-off relations between the yield
strength and uniform elongation and between the yield strength and work-hardening

exponent.



3.3. Gradient microstructure of the 3S Cu-Al alloys

A gradient microstructure is the typical microstructural feature of a metal
experiencing surface strengthening processing. Concerning the 3S process, the
compressive and shear stress are applied onto the surface layer to produce a surface
strengthening of metallic materials. In the presentresearch, gradient microstructures of
the partial 3S Cu-Al alloys were observed including cross-sectional microstructures in
the gradient layers and microstructures in the topmost surface layers. Fig. 4 shows
SEM-ECC images for the gradient microstructures of representative 3S Cu-5Al alloys
having different matrix grain sizes including after A300, A500 and A800 treatments.
The 3S Cu-5Al alloy with the A300 treatment has an obvious gradient microstructure
witg a distinct grain refinement in the surface layer as shown in Fig. 4a. With an increase
in matrix grain size from the A500 to A800 treatments, the thickness of the distinct
grain refinement zone in the surface layer increases as shown in Fig. 4b and Fig. 4c.
The A800 sample continues to have an obvious grain deformation zone as shown in Fig.
4c and, as a result, the thickness of the grain refinement and grain deformation zone of
the 3S Cu-Al alloys increases with an increase in the matrix grain size for each group
of alloys.

In addition to a comparison of the gradient microstructures of the 3S Cu-Al alloys
with different matrix grain sizes, the effect of Al contents on the gradient microstructure
was also examined in this work. Fig. 5 shows SEM-ECC images for the gradient
microstructures of the 3S Cu-Al alloys with A800 treatment in the order of the
increasing Al content. The Cu-5Al alloy has a distinct gradient characteristic from the
topmost surface layer to the matrix direction, especially the gradient grain size as shown
in Fig. 5a. The as-received Cu-5Al alloy with the A800 treatment consists of equiaxed
coarse grains and some annealing twins as shown in Fig. la but the microstructure in
the surface layer with a thickness of ~700 um for the 3S sample consists of refined
grains and deformed grains. Thus, the grain refinement and grain deformation are more
severe closer to the topmost surface. For the 3S Cu-8Al alloy with the A800 treatment

as shown in Fig. 5b and the Cu-11Al alloy with the A800 treatment as shown in Fig. 5c,
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the microstructures in the surface layers have similar characteristics to the Cu-5Al alloy
with the A800 treatment. As a result, there are similar gradient characteristics in the
surface layers for the three groups of Cu-Al alloys having the same heat treatments after
the 3S process.

In order to more fully clarify the most severe grain refinement and the
corresponding grain size, the microstructures in the topmost surface layers of the 3S
Cu-Al alloys were carefully observed and the relevant TEM images for the
microstructures of the 3S alloys with different Al contents and matrix grain sizes are
shown in Fig. 6. The microstructure in the topmost surface layer of the Cu-5Al alloy
with the A300 treatment consists of nanograins (NGs) with average grain sizes of the
refined grains below 100 nm as shown in Fig. 6al. The selected-area electron
diffraction (SAED) inserted in Fig. 6al shows that the NGs are randomly oriented. For
the Cu-5Al alloy with the A500 treatment as shown in Fig. 6a2, the grains are also
refined to NGs and similar results are also realized in the Cu-5Al alloy with the A800
treatment as shown in Fig. 6a3. Moreover, the Cu-8Al alloy with the A300 treatment
also exhibits refined NGs as shown in Fig. 6b1 and the microstructures in the topmost
surface layer also consist of NGs in the Cu-8Al alloy with the A500 treatment as shown
in Fig. 6b2 and in the Cu-8Al alloy with the A800 treatment as shown in Fig. 6b3.
Similar results are obtained in Cu-11Al alloys, including the A300 treatment as shown
in Fig. 6¢1, the A500 treatment as shown in Fig. 6¢2 and the A800 treatment as shown
in Fig. 6¢3. Therefore, it is concluded that the grains in the topmost surface layers for
each group of Cu-Al alloys with different heat treatments are refined to NGs.

After the 3S treatment, the Cu-Al alloys with different Al contents and matrix grain
sizes achieve gradient nanograined (GNG) structures. Besides the Cu-Al alloys treated
by 3S in this work, some model and engineering metallic materials wee also treated by
different surface strengthening methods and yielded GNG structures. For example, a
gradient-structured Ni was realized by rotationally accelerated shot peening (RASP)
[28], a Cr20Co20Fe20Ni20Mna2o high-entropy alloy (HEA) gave a gradient microstructure
after an RASP treatment [6], a NiCoCr medium entropy alloy (MEA) gave a gradient

nanolaminate microstructure after a shape-preserving machining treatment [4] a
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Ti6Al4V alloy was surface nanocrystallized using an ultrasonic nano-crystal surface
modification (UNSM) [29] and an AZ31 magnesium alloy gave a gradient structure by
SMAT [30].

3.4. Microhardness distributions in the 3S Cu-Al alloys

One of the distinct gradient mechanical properties for surface-strengthened
metallic materials is a gradient microhardness which is directly linked to the gradient
microstructure. For example, an SMAT 304 stainless steel and Cu exhibited enhanced
microhardness distributions with gradient characteristics [16, 25]. In this work, the
effects of the Al content and matrix grain sizes on the microhardness distributions of
the 3S Cu-Al were examined and the microhardness distributions in the surface layers
with thicknesses of 2000 pm are shown in Fig. 7. The 3S Cu-5Al alloy with the A300
treatment has the maximum microhardness with a value of about 180 HV which is
situated at the topmost surface layer but then the microhardness decreases rapidly along
the depth direction as shown in Fig. 7a. The 3S Cu-8Al alloy with the A300 treatment
has an enhanced maximum microhardness with a value of about 210 HV, and this
maximum microhardness is located at the topmost surface layer. The microhardness
decay rate is lower than for the Cu-5Al alloy with the A300 treatment as shown in Fig.
7a. The 3S Cu-11Al alloy with the A300 treatment has the highest maximum
microhardness with a value of about 250 HV but the microhardness damping rate is
similar to the Cu-5Al alloy with the A300 treatment as shown in Fig. 7a.

In addition, the three groups of Cu-Al alloys with the A400 treatment as shown in
Fig. 7b and with the A500 treatment as shown in Fig. 7c have similar microhardness
distributions by comparison with the Cu-Al alloys with the A300 treatment. From the
Cu-5Al, Cu-8Al to Cu-11Al alloys, the maximum microhardness increases and the
values are near to the results in Cu-Al alloys with the A300 treatment. The
microhardness damping rates of the Cu-5Al and Cu-8Al alloys are approximate but the
microhardness damping rate for the Cu-11Al alloy is a little faster than for the Cu-5Al
alloys and Cu-8Al alloys. Moreover, the maximum microhardness in each group of Cu-

Al alloys with the A600 treatment as shown in Fig. 7d, with the A700 treatment as
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shown in Fig. 7e and with the A800 treatment as shown in Fig. 7f continue to increase
with the increase of Al content, and the values of the maximum microhardness are
similar to the Cu-Al alloys with the A300 treatment. However, the microhardness
damping rates for the three groups of Cu-Al alloys under the A600 treatment, the A700
treatment, and the A800 treatment are approximate. Generally, the maximum
microhardness for each group of Cu-Al alloys under the different heat treatments are
stable, and therefore the microhardness distributions are complicated and dependent

upon the changes in the Al contents and the matrix grain sizes.
4. Discussion

4.1. Characteristics of the maximum microhardness and thickness of the gradient layers

in the 38 Cu-Al alloys

Usually the microstructure, residual stress and the microhardness in the gradient
layer induced by surface mechanical strengthening exhibit major differences by
comparison to the matrix. To better describe the gradient layer quantitatively, an
exponential equation was established to relate the microhardness (H) distribution

characteristic in the gradient layer together with the depth (d) direction as follows:
H=H_+(H,-H, )e", (1)

where Hm, Hv, and R are the matrix microhardness, the maximum microhardness and
the surface strengthening index of the gradient layer, respectively [21]. The thickness
of the gradient layer (1) is defined according to the depth in the microhardness-depth
curve when the microhardness is near to Hm. Two major parameters are required to
evaluate the mechanical properties of the gradient layer: the maximum microhardness
and thickness of the gradient layer reveal the severe grain refinement in the topmost
surface and the limit of plastic deformation in the depth direction, respectively.

Fig. 8 shows the effects of yield strength and work-hardening exponent of the
matrices on the maximum microhardness of the 3S Cu-Al alloys with different Al
contents and grain sizes. On the one hand, the 3S Cu-5Al alloy with different yield
strengths determined by the grain sizes have an approximate maximum microhardness

as shown in Fig. 8a and the 3S Cu-8Al and Cu-11Al alloys have similar variations
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between the maximum microhardness and matrix strength. Therefore, the matrix
strength is not the major factor influencing the maximum microhardness. On the other
hand, the maximum microhardness remains stable with increasing work-hardening
exponent for each group of the 3S Cu-Al alloys as shown in Fig. 8b. It is concluded that
the level of grain refinement in the topmost surface layer is not related to the work-
hardening exponent of the corresponding metallic materials. Therefore, the maximum
microhardness induced by surface mechanical strengthening has less significance in the
strength and work-hardening capability of the corresponding matrix.

Fig. 9 shows the variations of the thickness of the gradient layer in the 3S Cu-Al
alloys with different Al contents and matrix grain sizes. When considering all 3S Cu-
Al alloys uniformly, the thickness of the gradient layer decreases with increasing yield
strength with a linear relation as shown in Fig. 9a. For high-strength metallic materials,
it is difficult to obtain a thick gradient layer as in a CM400 maraging steel after a shot
peening (SP) treatment and a 50CrMnMoVND spring steel after the 3S treatment [ 13,
31]. Besides the matrix strength, the work-hardening exponent reveals the plastic
deformation capacity which may influence the surface strengthening behavior, and the
effect of the work-hardening exponent on the thickness of the gradient layer was
examined as shown in Fig. 9b. For each group of the 3S Cu-Al alloys, the thickness of
the gradient layer increases with an increase in the work-hardening exponent and
metallic materials with high work-hardening exponents may be more easily surface-
strengthened to give a thick gradient layer.

Therefore, the strength and work-hardening capacity are two major factors that
cause a significant differences in the thicknesses of the gradient layers. In general, the
matrix strength is a negative factor for the surface strengthening process and it
effectively restrains any increase in thickness of the gradient layer. By contrast, the
work-hardening exponent is a positive factor for the surface strengthening process and
it promotes an external strain extending along the depth direction. During the surface
mechanical strengthening process, this external stress is applied on the topmost surface
layer as in the impact from the high-speed moving steel shots during the SP treatment

and the grinding from high-speed rotating cutters during the 3S treatment in the present
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work [32, 33]. Both the numerical measurements as in the finite element method and
the experimental measurements as with X-rays reveal that the distribution of the applied
plastic strain in the surface layer is graded [34-36]. Thus, the maximum plastic strain
occurs at the topmost surface and then the plastic strain gradually decreases along the
depth direction until it disappears. For the Cu-Al alloys with different Al contents and
grain sizes, the applied plastic strain is sufficiently high to make the grains refined to
become NGs in the topmost surface so that each group of the 3S Cu-Al alloy has similar
values of the maximum microhardness. In addition, the plastic deformation of high-
strength metallic materials is difficult but becomes easier for metallic materials with a
high work-hardening capacity. As the applied plastic strain distribution is verified in
this work, the low-strength or high work-hardening exponent Cu-Al alloys exhibit thick

gradient layers.
4.2. Nature of the maximum microhardness of the gradient layer

As one of the important properties of the gradient layer, the maximum
microhardness usually reveals the severest grain refinement and grain deformation at
the topmost surface layer, and it further reflects the limitation of the plastic deformation
induced by the surface mechanical strengthening. For example, a coarse-grained (CG)
interstitial-free (IF) steel had the maximum microhardness with a value of about 2 GPa,
and the original CGs with an average grain size of 26 um were refined to NGs at the
topmost nanostructured (NS) layer [37]. The microstructure at the maximum
microhardness in the gradient layer mainly consisted of ultrafine and even nanoscale
grains, dislocation cells and loose dislocations. After the surface mechanical
strengthening, the microhardness was determined by the deformed microstructure at the

topmost surface layer and the maximum microhardness was evaluated by the following

equations:
H =a(o, +Ma,ub\/;+oGB), (2)
and
kHP
Oip =——, 3
GB \/B ( )
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where a is a constant to convert the flow stress to the measured hardness, oo is the lattice
friction stress, og is the contribution to the flow stress arising from the grain boundaries,
kup 1s the Hall-Petch slope, D is the grain size and a, M, G, b and p are the Taylor
constant, the Taylor factor, the shear modulus, the Burgers vector and the dislocation
density, respectively [38-40]. As the 3S Cu-Al alloys have a similar microstructure at
the topmost surface layer and the grains are also refined to a similar level, the maximum
microhardness is related mainly to the Al content. For Cu-Al alloys, the values of oo, p
and ogg are affected by the Al content, especially oo and ogg [22]. With an increase in
the Al content, the solution strengthening effect is increased, the values of 6o and kup in
oG increase and the maximum microhardness also increases. In addition, the plastic
deformation modes of Cu and Cu-Al alloys change from wavy slip to planar slip and
twinning with increasing Al content and the corresponding decrease in the stacking fault
energy (SFE), and Cu-Al alloys with high Al content and corresponding low SFE
exhibit smaller grains when the severity of the external loading is enhanced [41, 42].
Under the same surface strengthening intensity as the 3S treatment in this work, the 3S
Cu-11Al alloy may show NSGs with smaller grain sizes in the topmost surface layer
than in the 3S Cu-5Al alloy, and the 3S Cu-8Al alloy will be intermediare as shown in
Fig. 6. Combining the solution strengthening effect and the decrease in grain size, the
maximum microhardness may be enhanced with the Al content.

In addition to the direct relation between the maximum microhardness and the Al
content of 3S Cu-Al alloys, the plastic deformation of the surface-strengthened metals,
including the grain deformation and grain refinement, is mainly determined by the
applied stress as an external factor. During the surface mechanical process, the materials
are treated by different surface strengthening methods under different external stresses,
strain rates and temperatures, and the flow stress in the surface layer along the depth
direction may be estimated using the modified Johnson-Cook (J-C) plasticity hardening
model given by:

o & Nk
o.(d)= {ay(d)+B[8(d)] }{1+Cln(g)}{l—{(%)} } (4)

where oy is the yield strength under the reference temperature (7;), B, C, n, and m are
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material constants, z is the equivalent strain, B is the normalized equivalent plastic
strain by a reference strain rate where & is set to unity, 7" is the absolute temperature

and Th is the absolute melting temperature, respectively [36, 43]. According to Eq. (4),
the flow stress distributions in the surface layer is related to the surface strengthening
intensity, such as the spinning depth, the rotation speed and the moving speed which
determines the 3S intensity. In addition, the plastic deformation during the surface
mechanical strengthening process is also related to the characteristics of the metal as an
internal factor, such as the deformation modes and the mechanical properties [33].
Therefore, it is necessary in tghis section to discuss both the external and internal factors
on the maximum microhardness including for some metals treated by other surface
strengthening methods [25, 28, 44-51], some metals treated by 3S in earlier studies [21,
33, 52] and the Cu-Al alloys treated by 3S in the present research.

Fig. 10 shows the maximum microhardness in the gradient layer for the surface
strengthened metals and both the yield strength and work-hardening exponent are used
to evaluate the variations of the maximum microhardness. As shown in Fig. 10a, low-
strength metals exhibit a lower maximum microhardness, as in the AZ31 alloy and Cu
treated by SMAT [25, 47]. With an increase in the yield strength of the as-received
metal, the maximum microhardness increases as in pure Ti processed by a surface
rolling treatment (SRT) and IN 718 alloy processed by SP [48, 51]. Furthermore, some
metals with the same chemical compositions but different strengths have the same
maximum microhardness after the surface strengthening, as in pure Cu [52] and in the
Cu-Al alloys in this study [52].

Likewise, the effect of the work-hardening exponent on the maximum
microhardness in the gradient layer of the different metals processed by different
surface strengthening methods was also examined as shown in Fig. 10b. With a large
range of work-hardening exponents, the maximum microhardness changes irregularly
and the distributions of the maximum microhardness values are essentially random.
Therefore, the maximum microhardness in the gradient layer is not directly connected

with the plastic deformation capacity of the as-received metals.
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From these results, it can be seen that the maximum microhardness of the surface
strengthened metal is not related directly to the yield strength and work-hardening
capacity of the as-received material and the essential factor affecting the maximum
microhardness needs further investigation. In pratice, Young’s modulus describes the
deformation resistance of the metal [53, 54] and the magnitude of Young’s modulus is
determined by the chemical composition of the metal less by the microstructure [55,
56]. As the maximum microhardness of the gradient layer of the 3S Cu-Al alloys
increases with the Al content but is less related to the microstructure, it is reasonable to
conclude that the maximum microhardness of the gradient layer is closely related to the
value of Young’s modulus. Accordingly, some surface-strengthened metals were
selected to compare the differences introduced by Young’s modulus in this work,
including an AZ31 magnesium alloy processed by SMAT, severe shot peening (SSP)
and SP [47, 57, 58], a 7075 aluminum alloy processed by SP and ultrasonic shot peening
(USP) [59-61], a pure copper processed by SMAT, surface mechanical grinding
treatment (SMGT) and 3S [25, 46, 52], an H62 copper alloy processed by 3S [33], a
pure titanium processed by surface rolling treatment (STR) [51], a TC4 titanium alloy
processed by laser peening (LP) and SP [62, 63], a 304 stainless steel processed by 3S
and UIT [33, 64], a 316L stainless steel processed by RASP, SMAT and SSP [14, 49,
65], a 45 carbon steel processed by 3S [21] and an In718 superalloy processed by USP
and SP [48, 66]. Using these data, the relation between the maximum microhardness of
the gradient layer and the value of the Young’s modulus in the corresponding as-
received metal is shown in Fig. 11.

From Fig.11, it is apparent that when the Young’s modulus is low so the maximum
microhardness is also low, as in Mg alloys, Cu alloys and Al alloys [25, 33, 46, 47, 52,
57-61]. With an increase in the Young’s modulus, the maximum microhardness
increases and the superalloy has the highest Young’s modulus and the maximum
microhardness [48, 66]. Some metals with approximately the same Young’s modulus
give different maximum microhardness after the surface mechanical strengthening [48,
62, 63, 66]. Nevertheless, the increased surface strengthening intensity is beneficial to

the plastic deformation for obtaining smaller grains and an increased maximum
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microhardness. For example, the LP TC4 alloy gives a higher maximum microhardness
compared with the SP TC4 alloy [62, 63], and the USP In718 super alloy gives the
higher maximum microhardness compared with the SP In718 super alloy [48, 66]. In
addition, the plastic deformation mode changes with differences in the chemical
compositions of the metals but the Young’s modulus remains approximately the same
with different chemical compositions. For example, the increased Al content in the Cu-
Al alloys in this work enhances the solution strengthening effect and changes the plastic
deformation mode, and the maximum microhardness increases with the increasing Al
content under the same surface intensity for the 3S treatment. According to the relation
between the Young’s modulus and the maximum microhardness, it is concluded that
Young’s modulus may be considered as a fundamental parameter to evaluate the
maximum microhardness. When the chemical compositions of metal are specified, both
the Young’s modulus and the plastic deformation mode may also be determined. As a
result, the maximum microhardness of the surface-strengthened metals remains stable
and it is determined primarily by the limitation of the grain refinement and grain

deformation and it is less related to the microstructure of the as-received material.
4.3. Nature of the thickness of the gradient layer

During the surface mechanical strengthening process, the applied stain attenuates
along the depth direction from the topmost surface to within the matrix. When the
applied strain reaches a situation where it is insufficient to give plastic deformation so
the corresponding depth may be regarded as the thickness of the gradient layer.
Generally, it is easier in low-strength metals to obtain thicker gradient layers by
comparison with high-strength metals. For example, AISI 316L stainless steel can
produce a gradient layer with a thickness of about 800 um after SMAT [65] while AISI
1045 steel only produces a gradient layer below 300 um after the ball burnishing
treatment [2].

However, the strength level is not the only factor influencing the thickness of the
gradient layer. For pure Cu studied previously and the Cu-Al alloys in this work, it is

difficult to obtain a thicker gradient layer in the cold-rolled samples with high strength
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and low ductility but it becomes easier to obtain a thicker gradient layer in annealed
samples with minor changes in strength and ductility [52]. Moreover, the plastic
deformation capacity of the metal may be evaluated by the work-hardening stage in
which the stress gradually increases with an increase in the plastic strain, and the work-
hardening exponent may be regarded as a quantitative parameter to describe the plastic
deformation capacity [67]. Concerning the plastic deformation during the surface
mechanical strengthening, the gradient layer may be related to the work-hardening
capacity of the corresponding as-received materials and the effects of strength and
work-hardening capacity on the thickness of the gradient layer are now examined.

Fig. 12a shows the relation between the thickness of the gradient layer of the
surface-strengthened metals and the yield strength of the corresponding as-received
material where this also includes some metals treated by other different surface-
strengthening methods from earlier reports [25, 28, 44-51], some metals treated by 3S
in earlier studies [21, 33, 52, 68],and Cu-Al alloys treated by 3S in the present research.
For the different metals treated by different surface-strengthening methods, the low-
strength metals exhibit thick gradient layers, such as pure Cu processed by SMAT and
CrCoNi MEA processed by NSRP [25, 44| and the Cu-Al alloys annealed at high
temperatures in this work. With an increase in yield strength, the thickness of the
gradient layer decreases as shown, for examp,e by the 45 carbon steel processed earlier
by 3S [21] and the Cu-Al alloys annealed at low temperatures in this work. Moreover,
with a further increase in yield strength, the thickness of the gradient layer becomes
very low. Therefore, it is concluded that the yield strength is an important factor
restricting surface-strengthening and the strength may be regarded as an intrinsic factor
affecting the thickness of the gradient layer.

Fig. 12b shows the relation between the thickness of the gradient layer of the
surface-strengthened metals and the work-hardening exponent of the corresponding as-
received materials. For metals with a low work-hardening exponent, the thickness of
the gradient layer obtained by surface mechanical strengthening is very low as shown
by the 50CrMnMoVND steel processed earlier by 3S [13]. With an increase in the work-

hardening exponent, the thickness of the gradient layer increases and the thickness of
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the gradient layer is positive with the work-hardening exponent. Therefore, the
thickness of the gradient layer increases exponentially with increasing work-hardening
exponent and the work-hardening capacity may be a key factor in promoting the
surface-strengthening effect.

Based on the effects of yield strength and work-hardening capacity on the
thickness of the gradient layer, it appears that the thickness of the layer is determined
by both the yield strength and work-hardening exponent, and in practice the yield
strength is negative but the work-hardening exponent is positive for the thickness of the
gradient layer. It follows therefore that, when constructing a gradient layer by surface
mechanical strengthening, both the yield strength and work-hardening capacity should
be considered. On the one hand, the main approaches to enhancing the yield strength
are generally regulating the solute atoms by solid solution strengthening [69],
precipitate particles by precipitation strengthening [70], dislocations by strain
strengthening, and grain and twin boundaries by interfacial strengthening [71].
However, all of these strengthening phases are suppressive for the transportation of the
applied strain in the gradient layer. On the other hand, the main approaches to enhancing
the work-hardening capacity are increasing the grain size and the percentage of ductile
phases [72], decreasing the stacking fault energy (SFE), and changing the plastic
deformation mode from wavy to planar slip [41]. All of these approaches can promote
plastic deformation during the surface mechanical strengthening and, as a result, the
thickness of the gradient layer increases with a decrease in yield strength and an
increase in the work-hardening exponent which is mainly related to the microstructure

and less related to the chemical composition.
4.4. Proposals for improving the properties of the gradient layer

The overall objective of surface mechanical strengthening is to improve the service
performance of metallic materials and the core of this approach is the construction of a
gradient layer with enhanced microhardness and extended thickness. According to the
effect of the Al content and grain size on the properties of the gradient layer in the 3S

Cu-Al alloys used in this work, the three factors of composition, microstructure and
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strengthening method may be examined separately in order to summarize the optimum
procedure for improving the properties of the gradient layer in surface-strengthened
metals. These factors are examinaed in the follwing sub-sections.

1) Composition. When preparing the metallic materials, the first principle is to
select the chemical composition. Both the Young’s modulus and the plastic deformation
mode are related to the composition of the metal. After the surface mechanical
strengthening, metals with two different compositions have different hardness-depth
(H-d) curves as shown in Fig. 13al, and the maximum microhardness is less related to
the mechanical properties when the composition of the metal is given as shown in Fig.
13a2. With the increase of Young’s modulus in the as-received metal, the maximum
microhardness may increase, and the plastic deformation mode also affects the
maximum microhardness when Young’s modulus is approximately the same as shown
in Fig. 13a3. Therefore, it is concluded that after surface mechanical strengthening the
maximum microhardness of the gradient layer remains stable when the chemical
compositions are known and it is less related to the microstructure of the as-received
metal.

i1) Microstructure. For as-received metals, both yield strength and work-
hardening capacity are closely related to the microstructure. For example, the grain
sizes of the Cu-Al alloys increase with increasing annealing temperature and the yield
strength decreases and the work-hardening exponent increases. As shown in Fig. 13bl,
the microstructure distribution and H-d curve in the surface layer of the surface-
strengthened metal vary with the change in microstructure of the as-received metal, and
metals with enhanced strength due to changeable compositions may exhibit increased
microhardness distributions and maximum microhardness in the gradient layer. With an
increase in yield strength in the as-received metal, the thickness of the gradient layer of
the surface-strengthened metal decreases as shown in Fig. 13b2. In addition, with an
ncrease in the work-hardening exponent of the as-received metal, the thickness of the
gradient layer of the surface-strengthened material increases as shown in Fig. 13b3.
Thus, it is concluded that after the surface mechanical strengthening the thickness of

the gradient layer is closely related the microstructure of the as-received metal and it is
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less related to the composition of the material.

iii)) Strengthening method. Over the last two decades, some practical surface
mechanical techniques were designed to improve the properties of the gradient layer.
In terms of the traditional SP treatment, rotationally accelerated shot peening with a
higher surface strengthening intensity was developed and the RASP Cu and 316L
stainless steel exhibited gradient nanostructures (GNSs) with higher maximum
microhardness and thicker gradient layer [49, 73]. Also, severe shot peening (SSP) with
a higher surface strengthening intensity was developed and the SSP AISI 1017 mild
steel showed improved properties in the gradient layer [74]. The external increase of
surface strengthening intensity (SSI) may indeed improve the microhardness as
ilustrated in Fig. 13cl. With an increase in SSI, both the maximum microhardness and
the thickness of the gradient layer increases as shown in Fig. 13cl and Fig. 13c2,
respectively.

Based on these results and conclusions, it is possible to now present some specific
proposals for improving the properties of the gradient layer of metallic materials. These
proposals are summarized schematically in Fig. 14.

The first proposal is to design the composition. During the surface mechanical
strengthening in this research, the maximum microhardness of the gradient layer
remained stable without a change of chemical composition and it became adjustable
with changing chemical compositions. By designing a reasonable composition, the
metal is strengthened by solid solution atoms and precipitate particles and also plastic
deformation may be easier.

The second proposal is to optimize the microstructure. Generally, the mechanical
properties of metals may be optimized by microstructural optimization, such as by
improving the strength and decreasing the ductility through an increase in grain size.
Correspondingly, the thickness of the gradient layer may be increased after the surface
mechanical strengthening by optimizing the microstructure of the metal to achieve a
suitable strength and work-hardening capacity.

The third proposal is to improve the surface strengthening intensity. From

traditional shot peening to laser peening and ultrasonic shot peening, and even the novel
21-
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surface mechanical rolling treatment (SMRT) and surface spinning strengthening [61,
75], are now available as surface strengthening technologies whch incorporate
enhanced surface strengthening intensities.

In general, a compositional design, microstructural optimization and an adaptation
of appropriate surface strengthening technology should be considered during the
surface strengthening. Thus, enhanced properties of the gradient layer, such as an
increased maximum microhardness and extended thickness, may be realized by
optimizing the chemical compositions and microstructures of the metals and by

selecting the optimum surface strengthening technology.
5. Summary and conclusions

Cu-Al alloys with different Al contents and grain sizes were treated by surface
spinning strengthening (3S) and the properties of the gradient layer, including the
maximum microhardness and thickness, were then examined. The following
conclusions summarize the main results from these experiments:

1) Each group of the 3S Cu-Al alloys had approximately the same maximum
microhardness in the gradient layers and this maximum microhardness increased with
an increase in the Al content. An essential relationship was established between the
maximum microhardness and chemical composition which delineates the Young’s
modulus and plastic deformation mode of the metal, and the maximum microhardness
of the gradient layer was enhanced with an increase in the Young’s modulus.

i1) The thickness of the gradient layer in the 3S Cu-Al alloys increased with a
decrease in the yield strength and an increase in the work-hardening exponent,
respectively. An essential relationship was established between the thickness of the
gradient layer and the microstructure which determines the strength and work-
hardening capacity of metals. It was found that the strength restricts but the work-
hardening capacity promotes an increase in the thickness of the gradient layer,
respectively.

i11) The maximum microhardness of the gradient layer depends primarily on the

chemical composition and the corresponding Young’s modulus and plastic deformation
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mode with much less dependence on the microstructure and mechanical properties. The
thickness of the gradient layer depends mainly depend on the strength and work-
hardening capacity which is closely related to the microstructure. By combining the
compositional design and a microstructural optimization of the as-received metal, and
by improving the surface strengthening intensity, it is possible to attain a gradient layer
of the surface-strengthened metal with an enhanced maximum microhardness and

extended thickness.
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Fig. 1. Microstructures of the Cu-Al alloys with different Al contents and grain sizes
characterized by SEM-EBSD. (al-a6) Cu-5Al alloys; (b1-b6) Cu-8Al alloys; (c1-c6)
Cu-11Al alloys.
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Fig. 4. SEM-ECC images of gradient microstructures for the 3Sed Cu-5Al alloys with

the different matrix grain sizes induced by different heat treatments. (a) A300 treatment;

(b) A500 treatment; (c) A80O treatment.
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Fig. 5. SEM-ECC images of gradient microstructures for the 3Sed Cu-Al alloys with
the A800 treatment. (a) Cu-5Al alloy; (b) Cu-8Al alloy; (c) Cu-11Al alloy.
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Fig. 6. TEM images of microstructures in the topmost surface layers (about 25 pm to

the topmost surface) for the 3Sed Cu-Al alloys with different Al contents and matrix
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grain sizes. (al) Cu-5Al alloy with A300 treatment; (a2) Cu-5Al alloy with A500
treatment; (a3) Cu-5Al alloy with A800 treatment; (bl) Cu-8Al alloy with A300
treatment; (b2) Cu-8Al alloy with A500 treatment; (b3) Cu-5Al alloy with A800
treatment; (cl) Cu-11Al alloy with A300 treatment; (c2) Cu-11Al alloy with A500

treatment; (c3) Cu-11Al alloy with A800 treatment.
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for the 3Sed Cu-Al alloys with different Al contents and grain sizes. (a) A300 treatment;
(b) A400 treatment; (c) AS00 treatment; (d) A600 treatment; (e) A700 treatment; (f)

ARBO00 treatment.
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