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hardness values without optical observation, using instead quantitative formulas and
analyzing the relationship between the indentation depths from the indentation load-depth
curve and mechanical properties such as the work-hardening exponent, yield strength,
and elastic modulus on the basis of finite-element analyBi®l: 10.1115/1.1839213

1 Introduction

2L

Hardness tests are widely performed in order to evaluate other _InZ_q2)’
properties such as strength, wear resistance, and deformation re- mD(D-yD7-dY
sistance. They are widely used in industry because the residudereD is the ball diametefmm], L is the test loadN], andd is
lifetime of a material or structure can be predicted from its hardhe mean diameter of the imprifinm].
ness value, hardness reduction, or hardness ratio. However, hard-
ness tests are difficult to apply to industrial structures because
they require optical measurement of the size of the residual im-2.2 Determination of Brinell Hardness Without Optical
print. Though some portable hardness testers have been devi§¥kervation
they are based only upon an empirical conversion formula.

Continuous indentation tests have been suggested as an alter,
tive to hardness tests. In the continuous indentation test, the
dentation load-depth curve is obtained by continuously measuri
the applied load and the penetration depth during testing. Figur(?

shows the simplest load-depth curve: one loading curve and dhgnt Of the material and indenter at the maximum 10agay,
unloading curve. Analysis of this curve makes it possible to d 1Cluding elastic and plastic deformation. On unloading, the elas-

termine various mechanical characteristics such as flow prop (fégienfor(r:?u?\t/lgri]slsthfgI!xdrgr??a\ﬁ)rﬁit?f?:etshseoﬂﬂzl :lcé%?m(gntgeng%e
ties, hardness, residual stress, and fracture propégttied]. From 9 P

the indentation load-depth curve, various indentation depths ééngenter,s [10,11). Therefore, the final deptfhy, is the plastic

defined that are related to such mechanical properties as vyi E{ormatlon of the material.
strength, elastic modulus, and work-hardening exponent, where2 2.2 Pile-Up Around Indenter. If there are no elastic deflec-
the work-hardening exponent is describable by a power law. tion and pile-up effects, values for the final indentation depth,

In this study, we utilized and quantified the connection betwegRe indenter diameteB, and the imprint diameted, can easily be
the load-depth curve and other mechanical properties. The sizepgtained from the geometrical relationship among them after un-
residual imprint can be obtained from its geometrical relation @ading, as shown in Fig. 3:
indentation depth. Therefore we were able to obtain the Brinell

HBN=0.102x ®

.2.1 Indentation Load-Depth CurveThe indentation load-
2pth curve has two parts: loading and unloading. Three indenta-
n depths are defined in the indentation load-depth curve, as
own in Fig. 1. The maximum depth,,,,, is the total displace-

hardness merely from analysis of the load-depth curve, without d=2a*=2.D hffhf )
optical observation of the residual imprint if the work-hardening
exponent of material is known. Using the measured diameter of the residual imprint, the Brinell

hardness value can be easily determined. However, the Brinell
hardness value obtained by this procedure is generally larger than
the real value, which means that the derived contact area is an
. underestimate. This underestimated contact area is due mainly to
2 Theoretical Background pile-up effects occurring during the indentation téste Fig. 4,

2.1 Conventional Brinell Hardness. The Brinell hardness &nd Pile-up must be taken into account in order to make the con-

fields. The test consists of indenting the metal surface with a sté¥f-UP is known to be a function of the work-hardening exponent,
or tungsten carbide ball at a particular Iq&d as shown in Fig. 2. ™ under maximum load, ma, [12-15;

The Brinell hardness numbé&HBW) is expressed as the lo&l )

divided by the surface area of the imprint, which is assumed 2=
spherical and of the diameter of the ball:

=f(n), ®3)

28

Manuscript received December 26, 2003; revision received September 9, ZOM'.]er.ef(n) has been reported from finite-element analysiA)
Review conducted by: M. F. Horstemeyer. by Hill, Matthews, etc., as
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Fig. 1 The simplest load-depth curve of continuous indenta-
tion test
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Fig. 2 Schematic diagram of Brinell hardness test
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Fig. 3 Simplest indentation morphology during Brinell hard-
ness testing

5(2n—-1
1/2+n 2In—2
(m=3|=-] -1 Ref.[15] )

In addition, it has been reported from FEA that the increase in
the contact area by pile-up effects is related to the elastic modulus/
yield strength ratioE/Y, and the indentation depth/indenter di-
ameter ratioh; /D, for a ball indentef16—1§. The contact area
increases with increasing/Y and h/D due to the increase in
pile-up height.

Since, however, previous research considered the pile-up effect
at loaded state, the results from the research is difficult to be
applied for accurately evaluating Brinell hardness that should be
determined by measuring residual imprint after unloading.

3 Experimental Procedures

In this study, the 17 kinds of commonly used steels were used
as testing materialéTable 1. The specimens for continuous in-
dentation testing were cut to 225x20 mm, ground, and pol-

o
- b,
~

Fig. 4 Actual indentation morphology during Brinell hardness
testing and definitions of various indentation depths

Table 1 Materials used in this study

API X42 API X65 KP NAK SA508 SCM21
Pipe steel Pipe steel Pipe steel Plastic mold Pressure Structural
steel vessel steel steel
SCM440 S45C SK3 SK4 SKD11 SKD61
Structural steel Structural Tool steel Tool steel Tool steel Tool steel
steel
SKH51 SS400 SuUJ2 SUS304 SUS316
Tool steel Structural Bearing Stainless Stainless
steel steel steel steel
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Table 2 Imprint diameter measured by optical microscopy and 4.1.2 Geometry of the Residual Imprintin general, plastic
profiler deformation and elastic reaction occur around the indenter under
- loading. Plastic deformation is seen in the pile-up phenomenon
Material  API X42 API X85  KP NAK SAS08  SCM21 and thge elastic reaction is seen in elastic depflectic?n,pas shown in
dy(mm)  0.462 0.434 0.377 0.304 0.347 0.472 Fig. 4. The elastic deflection, used to determine the precise contact
) area under maximum load, is recovered after unloading, during
Material ~ SCM440  S45C  SK3  SK4  SKD11  SKD61 \yhich the geometrical shape of the residual imprint may change.
d,(mm)  0.363 0.444 0464 0451  0.388  0.431 In particular, for Vickers hardness testing, it has been reported that
the geometry of imprint is changed more by elastic depth recovery
Material ~ SKH51 ~ SS400 SUJ2 SUS304 SUS316 - than by elastic diagonal chan§#9,2(. Therefore, a geometrical
d,(mm)  0.408 0532 0435 0448  0.470 --- shape analysis of the residual imprint must be done to examine the
quantitative relationship between imprint size and indentation
depth for spherical indentations.
Under maximum indentation load, the geometrical shape of im-
int remains spherical: a 1-mm-diameter indentation is made by a
mm-diameter ball. But the elastic recovery occurring after load
removal may change the shape of imprint. The final indentation
épth,h;, and imprint diameter for original plané,,,, are re-
ed to radius of curvature of residual imprif, as follows:

ished with 1um alumina; those for tensile testing were cut int(gf
subsized cylindrical specimens of diameter 6.25 mm.
Continuous indentation tests, performed to obtain basic lo
depth curves for determination of Brinell hardness, were carri
out for each material using Frontics, Inc.’s AIS2000 equipment

with a spherical indenter of radius 0.5 mm made of WC. Experi- ) dmo) 2

mental conditions were selected as: maximum indentation depth hi+ 2

30 kgf, loading or unloading time 8 s, maximum load holding R= —n (6)
time 15 s. The maximum load was selected by a load-diameter f

ratio of 30 based on ASTM standard E 10. From this formula, the radii of curvature of residual imprints

Shape analysis is required to determine the relation between #t@wn in Table 3 were determined for the three materials SKD61,
residual imprint and indentation depths. The residual imprinSCM440, and SUJ2.
were measured by a Tencor P-1 automatic long-scan profiler andrhese results show that the residual imprint had a spherical
an optical microscopy. The data on the residual imprints weghape with diameter about 1 mm. This means that the residual
compared with the indentation load-depth curves to derive th@print does not change shape after load removal for a spherical
relation between residual imprint and indentation depth. indentation at 30 kgf load: elastic recovery around the indenter
Such mechanical properties as yield strength, work-hardenidges not alter the shape of the residual imprint in spite of the
exponent, and elastic modulus are required to describe pile-amount of recovery at deflection depti,.
effects around residual imprints. The yield strength and the work- i .
hardening exponent were determined from tension testing based-2 Compensation for Pile-Up Effect. In general, contact
on ASTM standard E 8. Tension testing was performed on &€& IS increased by.the plle-qp effect. It was noted above t.hat the
Instron 5582, and the elastic modulus was determined by an guantity of the area increase is related to the work-hardening ex-

trasonic method using a Tektronix two-channel digital real-timgonent, the ratio of yield strength to elastic modulus of the mate-
oscilloscope. rial, and the ratio of indentation depth;, to indenter diameteb)

[16,17]. The increase can be quantified by determining the pile-up
height, he, as shown in Fig. 5. The relation betwebp). and

4 Results and Discussion hmax UNder maximum load has been reported to be a function of
E/Y, andh/D. The present study made it clear that, after unload-
4.1 Shape Analysis of Residual Imprints ing, hyie andh; have a similar relation to the previous relation:
4.1.1 Measuring the Indent SizeDuring indentation, the in- Npie  hm—h¢ E h¢
dentation depth and imprint size increase with applied load, and hy  hy =f YD) )

plastic deformation, i.e. pile-up, occurs in the holding state of ) ) ) ) )

maximum load. During load relaxation, elastic recovery occuré/n€réh, is the depth derived from the geometrical relation with

largely in direction of the load, as shown in Fig. 4. diameter of residual imprint],,. Table 4 presents the final inden-
The size of the residual imprint as measured by optical micro§tion depth, pile-up height, and mechanical properties for the 17

copy, dy,. is shown in Table 2. These values were larger than tffgaterials tested. N

d,o values(imprint diameter on original surfagand smaller than  Extensive analysis of the finite-element results revealed that

the dy,,, values(imprint diameter measured at the top of the pile(4E/Y)(n;/D) correlates well withhpe/Npa, [16]. Figure 6

up). shows the correlation between the parameters and the mechanical
This means that the position observed by optical measurem&f@Perties. The pile-up parameter is linearly inversely propor-

is neither the maximum pile-up point nor the point aligned withonal ton and (4/Y)(h;/D). However,n and (&/Y)(h(/D)

the original plane, but was rather a point between them. Thafe also linearly related. In other words, the parameters constitut-

particular point is the contact point as increased by pile-up effects,

as shown in Fig. 4. Therefore, the Brinell hardness can be over-

estimated ifh; is used to determine the diameter.

hpﬂ. . g
Table 3 Radii of curvature of the residual imprints after re-
moval of load for SKD61, SCM440, and SUJ2 steels

Fimas he ?

hy (um) Ao (um) R (um) | i

SKD61 41.77 403.70 508.60 ====- unioading
SCM440 27.18 325.10 499.66 — loading
SUJ2 41.52 397.92 497.46

Fig. 5 Indentation morphology before and after unloading
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Table 4 Analytic parameters and mechanical properties for 550 — gt Y T ey T
materials in this study [
004 | 8 Derivedfromh @ o
Elastc  Yield | © Derived fromn,
Work-hardening modulus strength, 450 4 )
h¢ (um)  hy, (em) exponentn E (MPa) Y (MPa) 00

API X42  45.74 56.53 0.144 206.52 436.20 '8
APl X65  42.88 49.47 0.153 216.28 49472 3 350 LI b
KP 30.33 36.82 0.124 211.18 764.07 ‘o= a
NAK 18.75 23.72 0.051 202.62 1213.87 @ 300 7 :
SA508 27.15 30.99 0.138 201.67 638.42 © a
SCM21 51.09 59.19 0.206 208.83 279.53 M 250 .
SCM440  27.18 34.19 0.160 210.64 654.07 L 2o 4
S45C 46.60 52.07 0.338 209.05 374.14 200 4 ﬁ;’, A -
SK3 50.00 57.13 0.264 208.74 244.10 .
SK4 47.90 53.76 0.212 209.15 311.15 1304 & E
SKD11 35.12 39.28 0.276 215.66 242.89
SKD61 41.77 48.92 0.291 221.48 350.25 100 T T T T T T T T
SKH51 40.31 43,51 0.259 246.80 263.85 100 150 200 250 300 350 400 450 SO0 550
SS400 64.65 76.61 0.234 211.26 272.70
SUJ2 4152  49.71 0.244 21485  322.80 HB measured
gggggé éiig gggg gggi ig;?g gggggﬂg 8 Comparison of the derived Brinell hardness with the

0.8

0.6

0.4

0.2

0.0

L 00
&]'%;

ano

1000 -06

Fig. 6 Correlation between pile-up parameter, work-hardening
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measured one

ing the three axes of the graph are linearly proportional. There-
fore, the pile-up parametéry./h; can be expressed as a function
of the work-hardening exponent only. The pile-up parameter has a
linear relationship with the work-hardening exponent for the met-
als studied here, as shown in Fig. 7. This result is similar to that
reported by McClintock and Rhdé1] as a linear proportionality
between pile-up parameter and work-hardening exponent under
maximum load, described by the dotted line in Fig. 7. In particu-
lar, they suggested that the relationship was more suitable for
metallic materials having a low work-hardening exponent. In ad-
dition, the results of MatthewisL5] and Hill et al.[14] showed a
nearly linear relation for low-work-hardening materidlselow

0.3. The difference of tangents before and after unloading has an
effect on elastic deflection, since the height of the pile-up, i.e., the
plastic reaction of material, is unchanged after unloading but the
maximum indentation depth is recovered by final indentation
depth, as also reported by Taljat and PHa®]. The linear rela-
tionship found in this study can be quantified as

h .
rf"e: —0.857681+0.35768 f(n) ®
f

4.3 Determination of Brinell Hardness. On the basis of
Eq. (8), the size of the residual imprint can be derived using only
the work-hardening exponent and final indentation depth as fol-
lows:

d=2\Dh¢(f(n)+1)—h2(f(n)+1)2 (9)

The Brinell hardness can be obtained from Eds.and (9), as
shown in Fig. 8. If there is no pile-up around the indenter, the
Brinell hardness can be derived directly frdm (open circles in

Fig. 8). These results overestimate the real Brinell hardness values
as determined by optical observation. However, the Brinell hard-
nesses derived in this study agree well with the real data within a
5% error rangeclosed circles in Fig. B Thus we can determine
Brinell hardness using only the work-hardening exponent and in-
dentation depth, without observation of the residual imprint re-
quired in the conventional method.

Note that a material’s work-hardening exponent can also be
determined from continuous indentation tests using the same ball
indenter as in this stud}3,4,21. The multiple-indentation load-
depth curve is obtained from the test as shown in Fig. 9, and flow
properties such as yield strength, tensile strength, and work-
hardening exponent can easily be determined from analysis of the
curve. Therefore, if the two methods are carried out side by side,
the Brinell hardness test suggested in this study is more easily
performed and thus more widely applicable.
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140 T v T * T ¥ T T T T hd = deflection depth
1 h; = final depth
120 . Nmax = m_axmum_depth
g hpiie = plle-up helght
£ 9004 J L = indentation load
Lmax = maximum indentation load
.§ a0- . n = work-hardening exponent
- R = radius of curvature of residual imprint
5 804 4 Y = yield strength
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