SCIENTIFIC REPLIRTS

Interactive effect of microstructure
and cavity dimension on filling
behavior in micro coining of pure
e nickel

Published: 06 April 2016 Chuanjie Wang?, Chunju Wang'?, Jie Xu3, Peng Zhang?, Debin Shan'? & Bin Guo'-?

In this study, interactive effects of microstructure and cavity dimension on the filling behaviors in micro
coining were investigated. The results indicate that the filling ability is dependent on both the cavity
width t and the ratio of cavity width to grain size t/d strongly. The critical ratio t/d for the worst filling
ability increases with cavity width t and tends to disappear when the cavity width t increases to 300 pm.
A polycrystalline filling model considering the friction size effect, effect of constrained grains by the
tools, grain size, cavity width and ratio of cavity width to grain size is proposed to reveal the filling size
effect in micro coining. A quasi in-situ Electron Backscatter Diffraction (EBSD) method is proposed to
investigate filling mechanism in micro coining. When several grains across the cavity width, each grain
deforms heterogeneously to ordinate the deformation compatibility. When there is only one grain
across the cavity width, the grain is fragmented into several smaller grains with certain prolongation
along the extrusion direction to coordinate the deformation in the cavity. This is different from the
understandings before. Then the filling deformation mechanism is revealed by a proposed model
considering the plastic flow in micro coining.

Micro metal parts are widely applied in automotive, biomedical, consumer electronics and with the rapid devel-
opment of micro electro-mechanical-systems (MEMS) and micro system technology (MST)'*. In the last two
decades, micro forming as a new micro manufacturing technology plays an important role on manufacturing
micro metal parts. When the dimensions of metal parts down scale to micro scale, size effects occur and restrict
the rapid development of micro forming®. It is needed to investigate the deformation behaviors in micro forming
in-depth. Fu ef al. found that the flow stress decreases and its scatter increases with the increase of grain size or
decrease of specimen diameter by micro compression tests of pure cooper cylinders. The flow stress reduction
with miniaturization can be interpreted by the surface models and modified surface models'”~!! based on the sof-
tening effect of surface grain with free surfaces. Wang et al.'? revealed the flow stress scatter in micro compression
through the proposed model considering orientation distribution of the surface grain. Wang et al.'>!* found that
the flow stress increases when there are less than 3-4 grain across the specimen diameter in micro compression
and revealed the mechanism through the proposed model considering the effect of surface, inner and constrained
grains. Chan et al.'® found that the degree of inhomogeneous deformation increases with the increase of grain size
in micro extrusion process of pure copper. Cao et al.' found that the extruded micro pins curves when using the
coarse grained materials. Lin et al.'” proposed a model based on crystal plasticity theory to reveal the curvature in
micro extrusion of coarse grained materials. Meng et al.’® manufactured a multi-level flanged part is produced via
progressive micro extrusion and blanking and investigated the effect of grain size on the microstructure evolution
and fracture behaviors in progressive micro forming. Meng et al.' also investigated the microstructure evolution
of commercially pure titanium in thermal-aided meso forming of a dental abutment. The surface grains on the
square extrudate generate an equiaxed structure because of severe deformation, reflecting that meso forming at
elevated temperature facilitates the homogenization of material flow without coarsening grain size. Kim et al.?°
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Figure 1. (a) Relationship between the ratio of height of micro rib to grain size and the ratio of height of micro
rib to cavity width (b) effects of cavity widths and grain sizes on relative heights of micro ribs (c) polycrystalline
model in micro coining with miniaturization.

v

manufactured micro gear shaft with good quality through ECAP process. Wang et al.*! developed a feature-based
method for defect-free cold-forging process to manufacture a non axisymmetrical micro part. Yang et al.? stud-
ied the effect of high-energy assistance on the micro deep drawing and micro forging processes. The formability
and the surface roughness were improved. Wang et al.®> manufactured a micro turbine by isothermal micro
forging process. A micro turbine with a higher micro blade is manufactured when using the circular ring preform
compared to that using the circular one. To reveal the deformation mechanism in-depth, Wang et al.* investi-
gated the effect of the ratio of cavity width to grain size on the filling behavior through micro coining process.
It indicated that the filling behavior is the worst when where are only about 2 grains across the cavity width at
elevated temperature. Wang et al.”® found the similar results in micro coining at room temperature. The similar
filling size effect was also found. Ast et al.?® investigated the microstructure evolution of three different grained
materials in nano coining process by electron back scatter diffraction (EBSD). The results indicated that strong
orientation gradients occurred below the cavities for single crystal, a sub-grain formation inside and around the
cavities for the ultrafine grain (UFG) samples and only a slight elongation of the grains inside the cavity was found
for the nanocrystalline material. Based on the above literature review, it is found that various researches have been
explored and the focus is on the mechanical size effects and material plastic flow. During the micro forming pro-
cess, the intergranular and intragranular deformation behaviors are remain unknown and need to be explored. In
this study, micro coining tests of pure nickel were conducted to investigate the interactive effects of microstruc-
ture and cavity width on the filling behavior. The filling size effect occurs when there are only a few grains across
the cavity width. A quasi in-situ EBSD method is proposed to investigate the filling behavior and reveal the filling
mechanism by a model based on the crystalline plasticity deformation in micro coining.

Results and Discussions

Filling size effect. Figure 1(a) shows the relationship between the ratio of cavity width to grain size and the
ratio of height of micro rib to cavity width. It indicates that the ratio of height of micro rib to cavity width tends
to decrease first then increase with the decrease of the ratio of cavity width to grain size when the cavity width in
the range of 50-200 um. The critical ratios of cavity width to grain size are 1.04, 2.08 and 4.17, respectively. The
critical ratios are dependent on the cavity width. The worst filling property is not only related to the numbers of
grains across the cavity, but also the cavity width. This is different from the findings in references**?*, which con-
firms that the critical ratio of cavity width to grain size for the worst filling property in micro coining is a constant.
When the cavity width increases to 300, 400 and 500 pm, there is no critical ratio. The ratio of height of micro
rib to cavity width just increases with the decrease of the ratio of cavity width to grain size monotonously. In this
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situation the ratios of specimen width to cavity width are 7, 8.75 and 11.7, respectively. The plastic deformation
mode has changed from coining and extrusion.

The filling behaviors are the results of interaction of grain size, cavity width and ratio of cavity width to grain
size, as shown in Fig. 1(b). The ratio of height to cavity width reaches the maximum when the cavity width and
grain size are the maximal values in this study. The relative filling height is small when both the cavity width and
grain size are small, which not only dependents on the cavity width, but also the grain size and the grain num-
bers across the cavity width. To analysis the filling size effect, a polycrystalline model in micro coining is built, as
shown in Fig. 1(c). Several parameters influence the filling ability in micro coining. A specimen with smaller grain
size results in higher strength and contributes to material filling negatively. A die with smaller cavity width and
ratio cavity width to grain size lead to more difficult to fill the cavity because of the constraint from the tools!*!
and friction size effect?” =, respectively. Interactive effects of these parameters result in the final filling ability in
micro coining. Thus, when both the cavity width and grain size are relative large, both the deformation resistance
and the friction factor are relative low. Correspondingly, the relative filling height reaches to a maximum. On the
opposite, the relative filling height reaches to a minimum, as shown in Fig. 1(a). The grain fraction constrained
by the tools increase with the increase of grain size or decrease with the increase of cavity width. When there are
less than 2 grains across the cavity width (Fig. 1(c)), all the grains are constrained by the tools, the constrained
grain fraction reaches a maximum. The strengthening effect by the constrained grains and friction size effect
result in the worst filling ability, as shown in Fig. 1(a) for cavity width of 50 and 100 um. The difference of the
critical ratios is resulted from the difference of friction factors between the cavity width of 50 and 100 um in micro
coining. When there is less one grain across the cavity width, the filling ability is even better. This occurrence of
the phenomena is attributed to the difference of ability between intergranular and intragranular coordinated
deformation. The ability of coordinated deformation inner grain is easier than that of among grains. Thus, a better
filling ability is obtained in this region. And the physical mechanism about the phenomena will address in detail
in the next section.

Quasi in-situ EBSD analysis. In micro coining, there are usually only several grains or even only one grain
across the cavity width. The deformation behaviors dependent on the microstructure distribution are inhomoge-
neous because of heterogeneous materials in the deformation region. It is difficult to analyze the filling behavior
using the traditional models. Thus, the in-situ or quasi in-situ observation and analysis are needed and necessary.
To trace the deformation behaviors of individual grain in micro coining, a quasi in-situ EBSD method is proposed
in micro forming, as shown in Fig. 2. The rectangular sample is placed in the experimental die. The main defor-
mation of the sample is focused on the area approaching the die cavity. One side of the sample in the thickness
direction is polished and an area approaching the die cavity on the surface is scanned using EBSD, as shown in
Fig. 2(a). The scanned region is marked by a marker pen on the other side of the sample. Then the sample is placed
in the dies and pressed by a punch at aload of 30 kN and velocity of 0.36 mm/min. The deformed sample is taken
out from the dies and scanned using EBSD again on the same area above, as shown in Fig. 2(b). Thus, the distri-
butions of grains in the tracing area before and after micro coining are obtained as shown in Fig. 2(c,d) under
cavity width of 500 pm and grain size 490 um (average confidence index 0.41 for micro coined part). In this study,
5 grains, denoted g1-g5 before deformation, were clearly identified, as marked out in Fig. 2(c). After deformation,
the five grains are denoted G1-G5 as shown in Fig. 2(d). The numbers in the Fig. 2(c) of specimen before defor-
mation and Fig. 2(d) of specimen after deformation are in one-to-one correspondence. Through the proposed
quasi in-situ EBSD method, the evolution of individual grain in the deformation region is traced. The deforma-
tion behaviors of the individual grain can be analyzed by comparison the microstructural characteristics before
and after deformation. From Fig. 2(c,d), the shapes of the grains approaching the cavity corners are changed after
deformation, which indicate that these grains undergo obvious plastic deformation after deformation. The further
analysis of the microstructure revolution and plastic deformation behavior will be addressed in the next part.

Figure 3 shows the grain orientation distribution maps in the deformation region of the specimen before and
after micro coining. From Fig. 3(a,b), the inner grain orientation of each grain is uniform before deformation. The
orientations of marked grains (G1-G5) were coded as disordered colors after deformation. The grain orientation
of individual grain is changed with different degree after micro coining. The degree of changing is related to the
location of individual grain. The orientation distributions of pixels in the loading direction within each of the 5
grains are expressed in inverse pole. The orientation distribution is visualized by color coding, as illustrated in
the top left corner of Fig. 3(b), i.e., red for [100], green for [101] and blue for [111]. By following the individual
grain, it is evident that orientations of the grains varied, indicating lattice rotation during the deformation pro-
cess. Multiple sub-regions with different orientations also developed in some grains, e.g., grain G1 and grain G5
(Fig. 3(b)), indicating obvious heterogeneous plastic deformation within an individual grain. Fig. 3(c-g) shows
the orientation distribution of pixels in the loading direction within each of the 5 grains, as expressed in inverse
pole figures. The black spot in (c) to (g) is represented the original orientation of individual grain. By com-
parison, the orientation is dispersed in each grain after deformation, revealing that the plastic deformation is
inhomogeneous even in the same grain. Grain G1 changes its orientation from approaching the <001>to the
lines <101>-<001> and <111>-<001> in two directions. The upper part of grain G1 rotates to the orienta-
tion of line <001>-< 111>, the bottom part of grain G1 rotates to the orientation of line <001>-<101>. Grain
G2 rotates from approaching the <111> to the <111> along the line <001>-<111>. Grain G3 rotates from
approaching the <101> to the line <001>-<101>. Grain G4 rotates towards < 111> globally. Grain G5 rotates
from the line <001>-<101> to the line <001>-<111>. Misorientations in the inner grain occur after defor-
mation and attribute to maintain the deformation compatibility by intergranular and intragranular heterogeneous
deformation in this situation.

Kernel average misorientation (KAM) as characterization of local misorientation is calculated by averaging
the misorientation among the point at the center of the kernel to its nearest neighbors. KAM is commonly used
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Figure 2. Schematic design of quasi in-situ EBSD studies of grain distributions before and after micro
coining. (a) diagram of microstructure before deformation (b) diagram of microstructure after deformation.
(c) microstructure by quasi in-situ EBSD before deformation (d) microstructure by quasi in-situ EBSD after
deformation.

as a tool in OIM (orientation imaging microscopy) to assess the magnitude of the residual plastic strain in the
grains of the deformed metals®*2, KAM is correlated with the local plastic strain and the densities of geomet-
rically necessary dislocation®-**. Therefore, when the plastic deformation among sub-regions with in a grain is
homogeneous, alow KAM value (angle) is obtained. On the other hand, large deformation inhomogeneity among
the sub-region of a grain leads to a large KAM value. The neighboring points with an orientation difference of 5°
or larger than the value measured from the center is excluded from the kernel. In general, KAM values are low
(<\1°) in recrystallized grains and high (>1°) in deformed grains. Figure 4 shows the KAM values distributions
maps of the same region shown in Fig. 3 before and after micro coining. From Fig. 4(a), it is clearly seen that
the value of KAM of all the grains is very low (< 1°) before deformation. It can be regarded as there is no plastic
strain before deformation. This is in accordance with the testing material treated by heat treatment of complete
recrystallization. After deformation, the distribution of values of KAM is inhomogeneous in different grains
and different regions of the individual grain. The higher values (1-4°) of KAM are mainly distributed at the sites
approaching the entrance angle of micro die and boundaries of inner grain, as shown in Fig. 4(b). It is also evident
that within each grain, KAM values are varied, indicating inhomogeneity of the plastic deformation within indi-
vidual grains. At the top of the micro rib, the values of KAM are near to zero. This means that there is no obvious
plastic strain after deformation. Combining the analysis of grain orientation in Fig. 3(f), although the grains at
the top of the micro rib are not deformed, but the orientation is changed after deformation to coordinate the
inhomogeneous intergranular deformation. The high values of KAM at the grain boundaries after deformation
mean that the inner grains are deformed firstly during deformation. From the analysis of the distribution of the
KAM values, the deformation is inhomogeneous in different grains, different regions of the individual grain and
grain boundaries.
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Figure 3. Evolution of grain orientations parallel to the loading direction of grains G1-G5 under
deformation. (a) global grain orientation distributions before deformation (b) global grain orientation
distributions after deformation. (c-g) are orientation of individual grain before and after deformation.

Figure 5 shows the grain boundary distributions before and after micro coining. It indicates that a lot of small
angular grain boundaries are formed after micro coining approaching the entrance corner of micro die and inner
grain boundaries. The twin boundaries approaching the entrance corner of micro die change to general large
angle boundaries, which resulted from the severe deformation in the region. Figure 5(c,d) show the misorien-
tations of grains G1 and G2 in the longitudinal direction. Point-to-point and point-to-origin misorientation
measurements in a line trace across a single grain. The misorientations of point-to-origin decreases sharply from
about 30° to 10° at the corner with an angle of 38° compared to the extrusion direction. These changes indicate
that there is an evidence shear band because of severe plastic deformation in the entrance corner of the micro
cavity. For grain G3, at the side of the twin grain boundary, the point-to-origin and point-to-point after deforma-
tion are not changed compared to those before deformation parallel to the grain boundary. The point-to-point
after deformation is changed slightly compared to that before deformation perpendicular to the grain boundary.
The point-to-origin after deformation is changed periodicity compared to those before deformation perpendic-
ular to the grain boundary. In Fig. 5(b), it also can be seen that many small angular boundaries (yellow lines) are
distributed parallel to the grain boundary. These results indicated the deformation of inner grain G3 is slight.
Approaching to the region of the grain boundary, the single slip is the main deformation model.

Based on the analysis above, when there are several grains across the cavity width, the filling behavior is com-
plicated because of the heterogeneous microstructure coupling the effect of processing parameters. The deforma-
tion degree is dependent on the grain distribution strongly. The constrained grains by the tools deformed heavily,
the grains with free surface just changing their orientations to coordinate the inhomogeneous intergranular
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deformation with slightly plastic deformation. Grains in the inner part across the cavity width, the role the grains
is to coordinate the inhomogeneous intergranular deformation by rotation and slip with their neighbouring
grains. Therefore, the filling behavior is accomplished through intergranular and intragranular heterogeneous
deformation to maintain the deformation compatibility and fill the cavity when there are several grains across
the cavity width.

Figure 6 shows grain orientation distributions of only one grain across the cavity width before and after micro
coining (average confidence index 0.22 for micro coined part). From Fig. 6(a), the orientation of the biggest grain
in the region is uniform before deformation. The orientation distributions of pixels in the loading direction of the
grain are expressed in the inverse pole. The orientation distribution is visualized by color coding, as illustrated at
the bottom left corner of Fig. 6(a), i.e., red for [100], green for [101] and blue for [111]. By following the grain, it
is evident that orientations of the grain rotated from original <562> to <001> after deformation. The <001>
orientation is consistence with the material flowing direction. That means the crystal orientations of the grains in
the deformation region tend to rotate to the material flowing direction. It is clearly also indicated that there are
many zones and cells formed after deformation (as shown in Fig. 6(b)). The zones with longitudinal distribution
are formed and many cells with transverse distribution are formed in the zones after deformation. The formed
longitudinal zones and transverse cells are related to the plastic flow during the deformation process.

Figure 7 shows the grain boundary distributions before and after micro coining. It indicates that a lot of small
and large angular grain boundaries are formed after micro coining. The large angular grain boundaries (LAGBs)
are mainly distributed along the extrusion direction and formed new smaller grains. The small angular grain
boundaries (SAGBs) are mainly distributed perpendicular to the extrusion direction. The new formed grains are
divided into small sub-grains by the small angular grain boundaries (as shown in Fig. 6(b)).

Figure 8(a,b) show the grain distributions before and after micro coining process when there is only one grain
across the cavity width in micro coining. It is clearly indicated that there is only one big grain across the cavity
width before deformation. The main deformation is mainly focused on the interior of the big grain. The effect of
the neighboring grains on the big grain is limited and can be neglected because of that the neighboring grains
are far from the big grain. After deformation, as shown in Fig. 8(b), the origin big grain is fragmented into sev-
eral smaller grains. The smaller grains are elongated along the direction of material flowing into the groove. The
mechanism of grain fragmentation and sub-grains formation are mainly dependent on the plastic flow pattern
inducing shearing deformation. Figure 8(c) shows the velocity distribution of plastic flow in micro coining pro-
cess. The flowing direction at the region A is parallel to the extrusion direction of the micro rib. The flow velocity
distribution characteristic from the center to the edge across the cavity width is lamellar. The largest flow velocity
is in the center of the micro rib and the flowing velocity decreases from the cavity center to the wall because of
friction from the cavity walls. The material in the deformation region A can be separated into several thin layers
according to the lamellar distribution of the flow velocity. Shearing deformation occurs at the interfaces of the
interlaminar materials during deformation. The flowing direction at the region B is inclined to the extrusion
direction of the micro rib. The flowing velocity at the region B can be separated into two parts: (1) along the
extrusion direction (V,) and (2) parallel to the extrusion direction (V,). The flowing velocity V, at the region B
will induce the transverse flow of the materials in the region A. The main and second slip planes are correspond-
ing to the longitudinal and transverse directions, as shown in Fig. 8(d). The shearing deformation will result in
the formation of the large and small angular grain boundaries during deformation, as shown in Fig. 7(b). Then
new grains are formed along the extrusion direction (Fig. 8(b)) and the cells are formed in the smaller grains
(Fig. 6(b)).
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Figure 5. Grain boundary distributions before (a) and after (b) micro coining. The notches (c,d) are the global
grain orientation distributions before and after deformation. The notches (e,f) are orientation of individual
grain before and after deformation. The black spot in (c-f) is represented the original orientation of individual
grain. The dash lines represent the misorientation after deformation, the solid lines represent the misorientation
before deformation.
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Conclusions
In this study, the interactive effects of microstructure and cavity width on the filling ability of pure nickel poly-
crystals in micro coining were investigated. The conclusions are drawn as follows:
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Figure 8. (a) Grain distribution before micro coining (b) grain distribution after micro coining (c) velocity
field distribution during the micro coining process (d) main and second slip planes (e) large and small angular
grain boundaries during deformation.

1. The filling size effect is dependent on both the cavity width ¢ and the ratio of cavity width to grain size t/d
strongly. The coupling effects of microstructure and cavity dimension results in the worst filling ability
when tis 50 um and #/d is 1.04. The critical ratio ¢/d increases with the cavity width ¢ and tends to disappear
when the cavity width ¢ increases to 300 um, because of the transformation of the deformation patterns
from micro coining to micro extrusion.

2. A polycrystalline filling model in micro coining is proposed considering the friction size effect, the effect of
constrained grains by the tools and grain size, cavity width, ratio of cavity width to grain size. These param-
eters contribute negative or positive effect individually on the filling ability and their competition leads to
the filling size effect in micro coining.

3. A quasi in-situ EBSD method is proposed to investigate the filling process in micro coining. The intergran-
ular and intragranular deform heterogeneously to ordinate the compatibility of different grains in the cavity
when several grains across the cavity width. However, smaller grains with certain prolongation distribute
along the extrusion direction are formed when there is only one grain across the cavity width because of
severe plastic deformation in micro coining. This finding is different from the previous reports and inter-
preted by a proposed model considering the severe shearing deformation in the cavity.

Experimental

In this research, a female die with U-shape micro groove is designed to conduct the micro coining process and
to investigate the deformation behaviors in micro coining. The dimensions of the micro grooves are 50, 100, 200,
300, 400 and 500 um in width and with a specific ratio of groove depth to width of 3. Pure nickel with purity of
99.8% is selected to conduct the micro coining tests. The specimens were manufactured by a precision machining
process. The dimensions of the rectangular specimen are 5.5 x 3.5 x 2.0 mm with a corner of R0.5. To homog-
enize the microstructure of the as-received materials, the material was treated at temperature of 500, 650, 900,
1000, 1025 and 1100°C for 3 h, and then cooled in air. The grain sizes ranges from 13, 23, 48, 107, 267 and 490 um,
respectively. The micro coining tests were carried out by a Zwick testing machine with a load cell of 100 kN. To
reduce the effect of friction on the deformation behaviors, all the tests were carried out with lubricant of castor
oil. The specimens were pressed with a load of 10 to 40 kN and a low punch velocity of 0.36 mm/min was used for
all tests in this research.

References
1. Geiger, M., Kleiner, M. & Eckstein, R. Microforming, Ann. CIRP 50, 445-462 (2001).
2. Fu, M. W. & Chan, W. L. A review on the state-of-the-art microforming technologies. Int. . Adv. Manuf. Tech. 67, 2411-2437 (2013).
3. Engel, U. & Eckstein, R. Microforming-from basic research to its realization. J. Mater. Process. Technol. 125-126, 35-44 (2002).
4. Qin, Y. et al. Micro-manufacturing: research, technology outcomes and development issues. Int. J. Adv. Manuf. Tech. 47, 821-837
(2010).
5. Vollertsen, E. Categories of size effects. Prod. Eng. 2, 377-383 (2008).

SCIENTIFICREPORTS | 6:23895 | DOI: 10.1038/srep23895 9



www.nature.com/scientificreports/

6. Chan, W. L., Fu, M. W. & Yang, B. Experimental studies of the size effect affected microscale plastic deformation in micro upsetting
process. Mater. Sci. Eng. A. 534, 374-383 (2012).
7. Geif3dorfer, S., Engel, U. & Geiger, M. FE-simulation of microforming processes applying a mesoscopic model. Int. J. Mach. Tool.
Manuf. 46, 1222-1226 (2006).
8. Chan, W. L., Fu, M. W,, Lu, J. & Liu, J. G. Modeling of grain size effect on micro deformation behavior in micro-forming of pure
copper. Mater. Sci. Eng. A. 527, 6638-6648 (2010).
9. Shen, Y. & Yu, H. P. Construction of a composite model of decreasing flow stress scale effect. J. Mater. Process. Technol. 209,
5845-5850 (2009).
10. Kim, G. Y., Ni, J. & Kog, M. Modeling of the size effects on the behavior of metals in microscale deformation. J. Manuf. Sci. E.-T.
ASME 129, 470-476 (2007).
11. Liu, J. G., Fu, M. W. & W. L. Chan. A constitutive model for modeling of the deformation behavior in microforming with a
consideration of grain boundary strengthening. Comp. Mater. Sci. 55, 85-94 (2012).
12. Wang, C. ], Wang, C. ], Guo, B., Shan, D. B. & Chang, Y. Y. Mechanism of size effects in microcylindrical compression of pure
copper considering grain orientation distribution. Rare Metals 32, 18-24 (2013).
13. Wang, C. J., Wang, C. J., Guo, B,, Shan, D. B. & Huang, G. Size effect on flow stress in uniaxial compression of pure nickel cylinders
with a few grains across thickness. Mater. Lett. 106, 294-296 (2013).
14. Wang, C. J. et al. Plastic deformation size effects in micro-compression of pure nickel with a few grains across diameter. Mater. Sci.
Eng. A. 636, 352-360 (2015).
15. Chan, W. L., Fu, M. W. & Yang, B. Study of size effect in micro-extrusion process of pure copper. Mater. Design 32, 3772-3782
(2011).
16. Krishnan, N., Cao, J. & Dohda, K. Study of the size effects and friction conditions in microextrusion-Part I: microextrusion
experiments and analysis. J. Manuf. Sci. E.-T ASME 129, 669-676 (2007).
17. Cao,J., Zhuang, W. M., Wang, S. W. & Lin, J. G. Development of a VGRAIN system for CPFE analysis in micro-forming applications.
Int. J. Adv. Manuf. Tech. 47, 981-991 (2010).
18. Meng, B, Fu, M. W,, Fu, C. M. & Chen, K. S. Ductile fracture and deformation behavior in progressive microforming. Mater. Design.
83.14-25 (2015).
19. Meng, B., Fu, M. W. & Shi, S. Q. Deformation behavior and microstructure evolution in thermal-aided mesoforming of titanium
dental abutment. Mater. Design 89, 1283-1293 (2016).
20. Kim, W. J. & Sa, Y. K. Micro-extrusion of ECAP processed magnesium alloy for production of high strength magnesium micro-
gears. Scripta Mater. 54, 1391-1395 (2006).
21. Wang, J. L., Fu, M. W. & Ran, J. Q. Analysis and avoidance of flow-induced defects in meso-forming process: simulation and
experiment. Int. J. Adv. Manuf. Tech. 68, 1551-1564 (2013).
22. Yang, M. & Shimizu, T. High-density energy-assisted microforming for fabrication of metallic devices. Mater. Manuf. Process 30,
1229-1234 (2015).
23. Wang, C. J., Wang, C.J,, Shan, D. B, Guo, B. & Xu, J. Manufacturing high aspect ratio microturbine by isothermal microforging
process. Mater. Manuf. Process 29, 42-45 (2014).
24. Wang, C.J.,, Shan, D. B,, Zhou, J., Guo, B. & Sun, L. N. Size effects of the cavity dimension on the microforming ability during coining
process. J. Mater. Process. Technol. 187-188, 256-259 (2007).
25. Wang, G. C. et al. A multi-region model for numerical simulation of micro bulk forming. J. Mater. Process. Technol. 212, 678-684
(2012).
26. Ast, J. & Durst, K. Nanoforming behaviour and microstructural evolution during nanoimprinting of ultrafine-grained and
nanocrystalline metals. Mater. Sci. Eng. A. 568, 68-75 (2013).
27. Tiesler, N. Microforming-size effects in friction and their influence on extrusion processes. Wire 52, 34-38 (2002).
28. Tiesler, N., Engel, U. & Geiger, M. Forming of microparts - effects of miniaturization on friction. Adv. Techn. Plasticity 2, 889-894
(1999).
29. Geiger, M., Tiesler, N. & Engel, U. Cold forging of microparts. Prod. Eng. Res. Dev. 10, 19-22 (2003).
30. Deng, J. H., Fu, M. W. & Chan, W. L. Size effect on material surface deformation behavior in micro-forming process. Mater. Sci. Eng.
A. 528, 4799-4806 (2011).
31. Wright, S. I, Nowell, M. M. & Field, D. P. A review of strain analysis using electron backscatter diffraction. Microsc. Microanal. 17,
316-329 (2011).
32. Calcagnotto, M., Ponge, D., Demir, E. & Raabe, D. Orientation gradients and geometrically necessary dislocations in ultrafine
grained dual-phase steels studied by 2D and 3D EBSD. Mater. Sci. Eng. A. 527, 2738-2746 (2010).
33. Kamaya, M. Assessment of local deformation using EBSD: Quantification of accuracy of measurement and definition of local
gradient. Ultramicroscopy 111, 1189-1199 (2011).
34. Gutierrez-Urrutia, L, Zaefferer, S. & Raabe, D. Coupling of electron channeling with EBSD: Toward the quantitative characterization
of deformation structures in the SEM. J. O. M. 65, 1229-1236 (2013).
35. Demir, E., Raabe, D., Zaafarani, N. & Zaefferer, S. Investigation of the indentation size effect through the measurement of the
geometrically necessary dislocations beneath small indents of different depths using EBSD tomography. Acta Mater. 57, 559-569
(2009).

Acknowledgements
The authors gratefully acknowledge the financial support of the National Natural Science Foundation of China (No.
51375111, No. 51375113 and No. 51505101), the China Postdoctoral Science Foundation (No. 2015M571407).

Author Contributions
B.G. and D.S. designed the work. J.X. and P.Z. carried out the experiments. Chuanjie W. and Chunju W. analyzed
the results and wrote the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Wang, C. et al. Interactive effect of microstructure and cavity dimension on filling
behavior in micro coining of pure nickel. Sci. Rep. 6,23895; doi: 10.1038/srep23895 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

= or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:23895 | DOI: 10.1038/srep23895 10


http://creativecommons.org/licenses/by/4.0/

	Interactive effect of microstructure and cavity dimension on filling behavior in micro coining of pure nickel
	Introduction
	Results and Discussions
	Filling size effect
	Quasi in-situ EBSD analysis

	Conclusions
	Experimental
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Interactive effect of microstructure and cavity dimension on filling behavior in micro coining of pure nickel
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23895
            
         
          
             
                Chuanjie Wang
                Chunju Wang
                Jie Xu
                Peng Zhang
                Debin Shan
                Bin Guo
            
         
          doi:10.1038/srep23895
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23895
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23895
            
         
      
       
          
          
          
             
                doi:10.1038/srep23895
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23895
            
         
          
          
      
       
       
          True
      
   




