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A study of size effect in micro-forming with micro-hardness tests
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Abstract

The size effect on the material properties in the micro-forming is examined in the present study using both the micro-hardness test and the finite
element analysis. The measured hardness indicates that the hardness decreases as the dimension of the specimen is downscaled to a small size. The
size effect on the material hardness is thus clearly observed. The good agreement between the measured hardness and the flow stress also confirms
that the theoretical proportionality between the hardness and the flow stress is still valid in a specimen with downscaled dimensions. It suggests
that the stress–strain relations of a downsized specimen can be constructed from the micro-hardness tests in conjunction with the compression
tests, if the accurate data acquisition is not available in the compression test equipment for a downscaled specimen.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Forming of micro-parts has drawn much attention from both
he industrial practice and the academic research in the metal
orming field. In addition to the technology developed for the
anufacturing process, research efforts have also focused on

he study of the variation of the mechanical properties when the
imension of the material is downscaled to a much smaller scale,
hich is called size effect. The material properties tests, such as

ensile test and compression test, are necessary and fundamental
n the study of size effect. However, the tests are getting more
ifficult to conduct when the material dimension is downsized
o a very small scale. A specific testing machine with suitable
oad cells and accurate data acquisition apparatus is required to
btain the stress and strain relations for a downsized specimen.
n alternative to obtain the material properties is the hardness

est in which a special tension or compression testing machine
ith precision data acquisition is not mandatory to obtain the
aterial properties of a downscaled specimen.
Geiger et al. [1], Kals and Eckstein [2] have conducted com-

ression tests, tension tests, and bending tests, respectively, to

well studied and the validity of the theoretical proportionality
between hardness and flow stress for the downsized specimens
still remains uncertainty.

In the present study, the size effect on the hardness variation
was studied with the use of the micro-hardness tests. Due to
the inhomogeneous deformation in a compressed specimen, the
finite element simulations were first preformed to identify the
proper locations for the hardness measurement. The size effect
on the material hardness was then studied.

2. Compression tests

In the present study, the compression tests were conducted
using brass (Cu–Zn alloy) as the specimen material. The down-
sized specimen of 5 mm in diameter and 7.5 mm in height was
adopted for the compression tests. For the purpose of examining
the size effect, a smaller size of specimen of 2 mm in diame-
ter and 3 mm in height was also prepared for the compression
tests. Both sizes of specimens were annealed at different temper-
atures of 500, 600, and 700 ◦C, resulting in different grain sizes
of 16, 29, and 74 �m, respectively. The stress–strain relations of
tudy the variation of the material properties due to size effect.
iteratures [3,4] regarding the theory of plasticity have shown

hat the hardness is proportional to the flow stress by a factor
f 3. However, the size effect on material hardness has not been

both sizes of specimens with grain size of 29 �m are shown in
Fig. 1. It is noted in Fig. 1 that the flow stress becomes smaller
as the specimen size is downscaled and the size effect is clearly
observed. The effect of the grain size on the flow stress is also
e
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xamined and the test results indicate that the specimen with a
maller grain size has a larger flow stress as predicted by the
all-Petch equation. However, the difference is insignificant for

he range of grain sizes examined in the present study.
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Fig. 1. Stress–strain curves for specimens with various diameters (grain size of
29 �m).

3. Finite element analysis

The 3D finite element program DEFORM was employed to
determine the proper locations for hardness measurement where
the effective strain and the effective stress are the same as the
average strain and average stress in the compression tests. The
finite element simulations were performed with different values
of constant shear friction factor (m) ranging from 0.1 to 0.4
to examine the effect of friction on the locations of hardness
measurement. Only a quarter of the specimen was simulated
in a 3D finite element model due to symmetric condition. In
order to determine the proper locations, the effective strain and
effective stress obtained from the finite element simulations in
the cross-sections located at different heights of the deformed
specimen, as shown in Fig. 2, were compared with the average
stress and average strain of the whole specimen. The value of h
shown in Fig. 2 is the ratio of the height of the cross-section to
the height of the deformed specimen (H). On each cross-section,
the distance from the center to the edge is divided into 15 equal
intervals marked by 1–15.

Fig. 3 shows the effective stress distributions on various cross-
sections when the specimen is deformed to 0.5H0 with friction

Fig. 3. Effective stress distributions in the deformed specimen (H = 0.5H0;
m = 0.2).

factors of m = 0.2, where H0 is the original specimen height. The
stress ratio, which is defined as the ratio of effective stress at the
point to the average stress of the whole specimen, is used as
the ordinate, and the abscissa is the position from the center to
the edge as mentioned above. As seen in Fig. 3, the effective
stress increases from the top surface (h = 1) to the mid cross-
section (h = 0.5) in most area on the cross-sections except near
the edge of the cross-section. It is also noted that the effective
stress on the cross-section of h = 0.75 is evenly distributed and
close to the average stress. However, the effective stress on vari-
ous cross-sections converges to the average stress at the location
about seven eighth of the radius away from the center. This loca-
tion is then considered as the proper location for the hardness
measurement.

4. Micro-hardness tests

In the present study, the micro-hardness test was performed
to measure the hardness of a deformed specimen in a down-
scaled size using the AKASHI MVK-E micro-hardness tester.
The micro-hardness test is improved from the Vickers hardness
test, which is more suitable for measuring the hardness of a spec-
imen in a small scale. Experimental load of 10 g was adopted
in the micro-hardness test and the indented area was observed
and measured by a high-resolution microscope. The hardness
is measured for each deformed specimen with an instanta-
n
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Fig. 2. The plane of analysis and the height ratios of the cross-sections.
eous deformed height ranging from 0.5H0 to 0.9H0, where
0 is the initial specimen height. Since there were specimens

n two different dimensions and in three different grain sizes,
ix compression tests were required to perform for each specific
eformed height. The deformed specimens were wire cut to the
ross-sections determined from the finite element simulations
or hardness measurement and the hardness was measured at
he selected locations on each cross-section.

. Results and discussions

The hardness distributions on various cross-sections at differ-
nt instantaneous deforming heights for each kind of specimen
ere obtained from the micro-hardness tests. Fig. 4 shows the
ardness distributions for the downscaled specimen of 2 mm in
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Fig. 4. Hardness distributions on the cross-sections of various specimen heights
(specimen diameter = 2 mm, grain size = 29 �m, H = 0.65H0).

diameter and 29 �m in grain size deformed to a height of 0.65H0.
It is noted in Fig. 4 that the hardness distribution is a little scatter.
The scattered data may attribute to the errors in the measure-
ment of the indented area in the micro-hardness tests. Fig. 4 also
indicates that the hardness distribution on the cross-section of
h = 0.75 is more uniform and the hardness distributions on var-
ious cross-sections converge to the same value at the location
about seven eighth of the radius away from the center, which is
consistent with the results predicted by the finite element sim-
ulations. The similar trend is also observed in other specimens.
Hence, the proper location for the hardness measurement is con-
firmed.

Fig. 5 shows the measured hardness at various instantaneous
deforming heights of the downscaled specimens with differ-
ent grain sizes. It is barely observed that the specimen with
smaller grain size has higher hardness. However, the difference
is insignificant, which is similar to that obtained in the compres-
sion tests. The size effect on the hardness due to the downscaled
dimension of specimen is shown in Fig. 6, in which the hard-
ness measured from the specimens with the same grain size but
different specimen dimensions is plotted. As seen in Fig. 6, the
downscaled specimen has lower hardness than that of the larger

F
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Fig. 6. Measured hardness at various deforming heights (H) of specimens with
different diameters (grain size = 29 �m).

Fig. 7. Comparison of hardness and flow stress at various strains for the down-
scaled specimen with grain size of 29 �m.

specimen, which is similar to that observed in the stress–strain
relations obtained in the compression tests, and the size effect
is clearly noted. It is thus concluded that the size effect is also
present in the material hardness.

In order to examine if the theoretical proportionality between
the hardness and the flow stress is still valid in a specimen
with downscaled dimensions, the values of hardness divided by
three (hardness/3) are compared with the stress–strain relations
obtained in the compression tests. Fig. 7 displays the comparison
for the downscaled specimen with grain size of 29 �m. It is seen
in Fig. 7 that the values of hardness/3 agree very well with the
stress–strain curve up to the strain about 0.5 and then an insignif-
icant discrepancy appears at higher strains. It indicates that the
theoretical proportionality between the hardness and the flow
stress still exists in a specimen with downscaled dimensions. It
therefore implies that the stress–strain curve can be constructed
from the hardness measurement if the accurate data acquisition
is not available in the micro-forming test equipment.

6. Concluding remarks

The compression test results reveal that the flow stress
becomes smaller when the specimen is downscaled to a small
size. The grain size also affects the flow stress, but the differ-
ence is not significant for the range of the grain size examined.
ig. 5. Measured hardness at various deforming heights (H) of the downscaled
pecimen with different grain sizes.
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The finite element simulations performed in the present study
also indicate that the proper position for the hardness measure-
ment is located at 0.875 of the radius away from the center. The
size effect on the material hardness is clearly observed in the
micro-hardness tests. The hardness decreases as the specimen
is downscaled to a small size, which is similar to the size effect
appeared in the stress–strain relations. Thus, the size effect on the
material properties in the micro-forming process is confirmed.
However, the deformation mechanism causing the size effect is
yet to be examined, though some models have been proposed
to date. The good agreement between the measured hardness
and the flow stress confirms that the theoretical proportional-
ity between the hardness and the flow stress is still valid in a
specimen with downscaled dimensions. It further suggests that
the stress–strain relations of a downsized specimen can be con-
structed from the micro-hardness tests in conjunction with the
compression tests, if the accurate data acquisition is difficult to
be achieved in the compression test equipment for a downscaled
specimen.
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