Derivation of plastic stress—strain relationship from ball
indentations: Examination of strain definition and
pileup effect

Jeong-Hoon Ahn and Dongil Kwon
School of Materials Science and Engineering, Seoul National University, Seoul 151-742, Korea

(Received 27 December 2000; accepted 21 August 2001)

The ball indentation technique has the potential to be an excellent substitute for a
standard tensile test, especially in the case of small specimens or property-gradient
materials such as welds. In our study, the true stress—true strain relationships of steels
with different work-hardening exponents (0.1-0.3) were derived from ball indentations.
Four kinds of strain definitions in indentation were attempted: 029vh/a,

In[2/(1 + cogy)], and 0.1tany. Here,vy is the contact angle between the indenter and the
specimenh, is the contact depth, aralis the contact radius. Through comparison

with the standard data measured by uniaxial tensile testing, the best strain definition
was determined to be 0.1tanThis new definition of strain, in which tanmeans the

shear strain at contact edge, reflected effectively the work-hardening characteristics. In
addition, the effects of pileup or sink-in were considered in determining the real
contact between the indenter and the specimen from the indentation load—depth curve.
The work-hardening exponent was found to be a main factor affecting the
pileup/sink-in phenomena of various steels. These phenomena influenced markedly the
absolute values of strain and stress in indentation by making the simple traditional
relationshipP,/Jor = 3 valid for the fully plastic regime.

It is noted that the interpretation of experimental re-

. INTRODUCTION sults has not been standardized because of complex stress

The evaluation of mechanical properties of structurafields beneath the indenter. Moreover, the definition of
steels plays an important role in diagnosing the materiahardness as mean contact pressure does not yield a basic
degradation under high temperature and pressure. Thisaterial property for indicating the material strength.
demands property-evaluation techniques that are simplén other words, hardness is affected by the elastic and
easy, nondestructive, and suitable for localized wealplastic properties of material, the indenter shape,
zones such as welds and heat-affected zones. One ahd partially by the experimental procedures and the sur-
these techniques, the continuous indentation test, recordisce condition of specimen. Accordingly, many attempts
the indentation depth continuously with indentation load.have been made to get more intrinsic properties from
Compared with conventional hardness tests, it offers usidentation tests such as yiéid or tensile strengthand
complete information during indentation loading andeven flow properties™* of materials.
unloading through analysis of the measured indentation This paper describes the derivation of the true stress—
load—depth curve. true strain relationship from the indentation load—depth

The representative mechanical properties evaluatedurve measured by the ball indentation technique. To
from the indentation load—depth curve are hardness andetermine the real contact between the indenter and the
elastic modulus. In continuous indentation tests, hardnesgpecimen from the indentation load—depth curve, both
is usually defined as the mean contact pressure betwedhe elastic deflection and the pileup or sink-in are taken
the indenter and the specimen. While the residual imprininto account. Also, the effects of pileup or sink-in on
is observed as a contact area in conventional hardnesteriving the stress—strain relationship are discussed.
tests, the projected contact area at maximum load mustour kinds of strain definitions in indentation were ex-
be calculated from the indentation load—depth curveamined for AISI1025, SA106, SA213, SA508, SM50,
This overcomes one disadvantage of conventional hardand thermomechanical-control-process (TMCP) steels
ness tests: hardness values for highly elastic materialsith different work-hardening characteristics. By com-
such as rubber are too high. paring the true stress—true strain curve derived from ball
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indentations with those measured directly by the uniaxiaindentation, shown in Fig. 2(a), there is no residual im-
tensile test, we made a new definition of strain and inJrint after unloading andi, equals¥z of h,, . for a rigid
vestigated the ratio of mean contact pressure to represeimdenter.’ In other wordshy equalsy of h, ,,,, and there
tative stress in indentation. is no pileup or sink-in. On the contrary, in the case of
perfectly plastic response, shown in Fig. 2(c), there is no
elastic deflection and the effects of pileup or sink-in must
II. THEORETICAL ANALYSIS be included.

Material response during indentation depends on the From the above consideration, it is seen that both the
indenter shape. For a ball indenter, it is divided intoelastic deflection and the pileup or sink-in must be taken
the three regimés*** shown in Fig. 1: elastic, elastic— into account in determining the contact between the in-
plastic, and fully plastic. As the ball indenter penetrateglenter and the specimen for real materials showing
into the specimen, the average strain beneath the indentelastic—plastic response during indentation. The indenta-
increases, as does the mean contact pressure. This flon load—depth curve is schematically shown in
crease makes it possible to derive the flow properties oFig. 2(b). In this curvehy is calculated by analyzing the
the material by the ball indentation technique. On theunloading curve, whose initial slope is the stiffn&8y
other hand, for an indenter with geometrical similarity €xtrapolating this tangent line to zero load, the intercept
such as the Vickers indenter, the average strain and tr@&epthh; is defined. If there is no change in contact area
mean contact pressure will be constant regardless of irduring unloading, as occurs in flat punchirig, will be
dentation depth if the effect of tip blunting can be hyah;.*® If the shape of indenter is taken into account,
ignored. hy will be obtained a$ly = ® (.~ h;).*® This relation

To establish the modeling of deriving the true stress-is derived from Sneddon’s analySidor a rigid indenter,
true strain relationship from ball indentations, the realandw is a constant dependent on the indenter shape: 1 for
contact between the indenter and the specimen will bé flat punch, 0.72 for a conical indenter, and 0.75 for a
determined from the indentation load—depth curve byparaboloid of revolution.
considering both the elastic deflection and the pileup or The pileup or sink-in behavior around indentation al-
sink-in. Then the representative strain and stress in inters the actual contact are¢a'®*°If pileup occurs, the
dentation will be defined in terms of the obtained inden-actual contact area will be larger than expected, and if
tation contact parameters, i.e., contact depthcontact — sink-in occurs, the actual contact area will be smaller
radiusa, and/or contact angle between the indenter and than expected. Itis well established that the extent of this
the specimen. pileup/sink-in is determined by a dimensionless constant

c for metals with low yield strairt?

A. Analysis of indentation load—depth curve > 2-n)

a -n

The contact deptth, between the indenter and the c? =—5=% e , ©)]
specimen at a certain load has usually been obtained by a (4+n)

calculatmgsvtlrée elastic deflection depth from the unIoad—Wherea is the contact radiusa* is the contact radius

INg CUrve: without considering the pileup or sink-in, amdis the
ht = hpao— Ny (1)  work-hardening exponent of material. This equation is
) ) ) ) ) based on nonlinear elasticity theory and it was verified by
whereh,,, is the maximum indentation depth, is the  finjte element results. From this equation, it is inferred
elastic deflection depth, and superscript (*) means thaghat the dominant factor affecting the shape and size of
the effects of pileup or sink-in are not included. This pjastic zone during indentation for metals is related to the
relation is, however, not true for real materials showingyork-hardening characteristics. In detail, if the plastic
the pileup or sink-in around indentation. Accordingly, it ;one beneath the indenter is large for a snmalthe
should be modified as surrounding elastic zone cannot afford to accommodate
_ _ the volume change due to the indenter penetration, so
e = Pmax = o+ Poss @ pileup will occur.
where h,,c means the change of contact depth due to Using the geometrical relationshgi® = 2RKg — h%?
pileup or sink-in. for ball indentations, the following equation can be
The elastic deflection depthy in Egs. (1) and (2) can established to determine the real contact between the
be obtained by analyzing the unloading curve, whichindenter and the specimen from indentation load—
corresponds to elastic recovery during unloading. Fodepth curve.
the two extreme cases of perfectly elastic response
and perfectly plastic responde, is obtained as follows. 2 (2-n (2RHE — h22) 4)
i )

In the case of perfectly elastic response during ball an = (4+n)
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whereR is the indenter radius. This equation means thastress,e and og, are used in our study as an aver-
the prediction of unknown or another parameter related aged true strain and true stress beneath the indenter,
to pileup or sink-in is necessary to determine the actuatespectively.

contact radius from the measured indentation load—depth With the indentation parameters obtained from inden-
curve. In our study, this parameter will be determinedtation load—depth curve in the previous sectigncan be
using the model proposed in the following section anddefined in various ways. Firstg has usually been de-
discussed later. fined as

R . a ]
B. Derivation of true stress—true strain curve €r = K, o= Ksiny . (5)

Looking in detail at the three regimes occurring during
ball indentation, the mean contact pressure increases ffere K, is about 0.2 ang is a contact angle between the
follows.® For the initial elastic regime, the mean contactindenter and the specimen as shown in Fig. 3. This equa-
pressure increases linearly with the square root of thgon is based on the experimental results obtained using
indentation load. When the mean contact pressurge traditional optical technique. A similar definition has
reaches the elastic I|m|t, the pIaSUC zone will developa|so been proposed by Cons|der|ng the Work_harder“ng
beneath the indenter as shown in Fig. 1. In the elastictharacteristics® e, = 0.28 (1 + 1h) " a/R, where the

plastic regime, the mean contact pressure increasggnstant corresponding 1, varies slightly from 0.17
gradually. After the plastic zone expands to the surface ofg .19.

specimen, the mean contact pressure increases slightly second e, can be defined as the average shear strain
due to work-hardening characteristics. This increasgsing the relatioh®2°
makes it possible to derive the plastic flow properties of
material in the fully plastic regime. .

When we usually define the stress or strain in inden- r = K2 a (6)
tation, its value does not mean a certain value at a spe-
cific point but an averaged value beneath the indentefThis equation can also be derived from Eq. (5) using the
Work™* done by finite element analysis is an exception.relation a®> = 2Rh. for shallow indentation, and, is
So, the terms of representative strain and representativabout 0.4.

Elastic Elastic-plastic Fully plastic

! 0
O —*°

[

Elastic Contained Uncontained
stress contours plastic zone plastic zone
(a) (b) (c)

FIG. 1. Schematic representation of plastic zone expansion during ball indentation: (a) elastic, (b) elastic—plastic, and (c) fully plastfc regime
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(a) Indentation Depth {b) Indentation Dcpth (c) Indentation Depth

FIG. 2. Typical indentation load—depth curves for (a) elastic, (b) elastic—plastic, and (c) plastic responses.
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Third, e can be defined as the average plastic strain itHere ¥ is expected to have some relationship with
depth direction by analyzing the area change during inplastic-zone expansion, i.e., the yield strain and the
dentation. For the fully plastic regime where the elasticwork-hardening exponent. The upper valuelois about
deformation is negligible, the average strain in depth di-3 for the fully plastic deformatioR?
rection can be obtained as

_ _ _(edS_ SL lll. EXPERIMENTAL PROCEDURE
€22 = _(exx + 6yy) - T s g =In § ) (7) ) ) ]
The specimens used in this study were AISI1025,

whereSl is the initial area (projected contact area) andSA106, SA213, SA508, SM50, and TMCP steels; their

S is the area changed by indentation (curved contactompositions are summarized in Table |. Specimen di-
area) shown in Fig. 3. Sinc@l = wa?andS2 = 2xR?  mension for indentation testing was 20 x 20 x 15 mm.

(1 - cosy), Specimen surface was finally polished withwin Al,O5
powder. In addition, the specimen for the tensile test was
n 2 ®) fabricated as a cylinder type with 25-mm gauge length
1+ cosy and 6-mm diameter.
A continuous indentation tester was made to measure

€r = —€,, =1
This definition of strain has the advantage of not needin?}j

an ambiguous constant compared with the widely use € indentation Iqad—depth curve. It consists of a 500-kgf
definitions of strain such as Egs. (5) and (6). As a comJoadcell and a linear variable displacement transducer

parison with Eq. (8), for a Vickers indente, is con- (LVDT) with resolution of 0.2um. To minimize the er-

; : o ror caused by system compliance, the indenter and
itgné;gg? rdless of indentation depth, ieg.,= ~In cosy LVDT were placed as closely together as possible. The

Finally, the strain distribution under the indenter Canlndenéevrvwazivn\:ntq)?rlrlﬂ?]f (_)I_En}m rlar(ilu)s(i,”?ngqlgde?rt]a&on
be calculated using the displacement in depth directio peed was ©. 'min. The final maximu 0 €p as
w.. For a ball indenter .3 mm and 10 patrtial ynloadlngs dqwn to 70% of maxi-

z ' mum load at each point were applied. More than five

u,=h- (R _ R2 - r2) , 9) indentatiqn.s_ per specimgn were performed to examine
reproducibility. For verification of our analysis, true
By differentiating, stress—true strain curves for various steels were di-

rectly measured by tensile tests at cross-head speed of

_ M _ ! (100 1 or 2mm/min.

a
r ar A /1_(r/R)2R

This strain distribution is a first approximation becauselV. RESULTS
the pressure distribution for elastic—plastic deformation
of materials with work-hardening deviates significantlyAI
from the Hertziart® e can then be defined by setting
r = a and multiplying a constant:

€

The measured indentation load—dep#ih) curves of
S11025, SA106, SA213, SA508, SM50, and TMCP
steels are shown in Fig. 4. For each specimen, more than
5 curves were measured; reproducibility was excellent

a a within 3% load error range at each depth. Although the
€r = —\/72 p-atany . (11)  results from allP-h curves for each specimen make little
1-@R difference, the one with the highest load at each inden-

Here, tany is the shear strain at contact edge ands  tation depth was chosen and analyzed to minimize the
expected to be a material-independent constant. This is
because the average strain is determined by the amount
of geometrical change due to external loading like

|
. adin i
Eq. (8), although its local values can vary significantly i
i

with position. Accordingly, we determine this constant R
using the experimental results on various steels to result ' Contact area
in a good match betweety, andok. //SI: projected
Next, the representative strasscan be _obtain'ed from b 1—S2: curved
the mean contact pressupg,. In the elastic regime, the ¢ /i
value ofP, /o ratio increases linearly up to about 1.1. It a’
increases gradually through the elastic—plastic regime L_#J
and is almost constant in the fully plastic regife: !
Pm/(rR =V . (12) FIG. 3. Schematic representation of pileup phenomenon.
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TABLE I. Chemical compositions of materials used in this study (wt%).

Materials C Mn Si Al Ni Cr Mo P S
AISI1025 0.24 0.44 0.24 0.2 0.1 0.01 0.003 0.003
SA106 0.26 1.18 0.2 0.09 0.11 0.04 0.007 0.001
SA213 0.12 0.47 0.38 0.35 2.3 1 0.008 0.001
SA508 0.21 1.36 0.24 0.022 0.92 0.21 0.49 0.007 0.002
SM50 0.18 1.31 0.4 0.02 0.11 0.011 0.038
TMCP 0.138 1.2 0.23 0.002 0.002 0.017 0.001

error caused by the effect of sliding at initial loading or Sec.ll.B. Then the value ofi was modified using the
surface roughness. As shown in Fig. 4, SA508 steeHollomon equatiorrg = Keg with fitting range ofeg < n.
shows the highest resistance to penetration and AlS110Zbhis fitting range is based on the fact that the strain at
steel the lowest. maximum load in the uniaxial tensile test is equahto
The commencement of plastic deformation, i.e., theThrough iteration this procedure until the input value
boundary between the elastic regime and the elasticequaled the return value, the final value ofwas
plastic regime for each specimen, was not detected in thachieved.
indentation load—depth curve measured in our experi- The flow properties derived from indentation load—
ments. The critical indentation load for the initial plastic depth curve and those measured by tensile test are shown
deformationP,, during ball indentation is obtaineds together in Fig. 5. The constaatin Eq. (11) was found

3 to be 0.1, showing the best agreement between them. In

P = (2P )3 (13) this figure, we first examined the work-hardening char-
Y 6E> mo acteristics for the proposed definitions of strain in
Sec.ll.B: 0.2siy, 0.4hJa, In[2/(1 + cogy)], and 0.1tan.
whereE, is the reduced modulus with relationEl/= Then the effects of pileup or sink-in on the derivation of
(1 —np)/E+ (1 —niy)/E;, andP,is equal to 1.1 times the stress—strain relationship were investigated.
yield strengthy at the initial plastic deformatiorz andv The best agreement between the true stress—true strain

are the elastic modulus and the Poisson ratio of spectata derived from ball indentations and those measured
men, respectively, and subscript i means the indenter. F@jy tensile tests was achieved when we defined the strain
example, the value d?, for AISI1025 steel is calculated jn indentation as 0.1tan In other words, the shear
as 0.2 of by settinge = 160 GPay = 0.3,E = 400  strain at contact edge multiplied by 0.1 successfully pre-
GPay; = 0.28,R = 0.5 mm, and¥ = 196 MPa, which  dicted the work-hardening characteristics of the proposed
is too low to be detected in our indentation system. materials with various), shown in Fig. 6. So the bulk
The boundary between the elastic—plastic regime anglroperties from the stress—strain data derived from ball
the fully plastic regime is determined by a nondimen-indentations could be predicted, the stress—strain data
sional variableE, /Y - tany, and the value ok, /Y - tanyis  where the flow stress decreases with increasing strain
about 30°% In our study, the value oE,/Y-tany was  were excluded in fitting these data to the Hollomon equa-
calculated as more than about 100 for all specimens, sgon, especially for SA508 steel.
the following procedure was used to determine the plas- The strain definitions in terms af/R and h/a show
tic flow properties of specimens from the measured inthe similar trend in deriving from ball indentations and
dentation load—depth curve. have large deviations from tensile results. In the case of

In analyzing the measuree-h curves, we first calcu- strain definition as an average plastic strain in depth-
lated the elastic deflection at each indentation step. Thgijrection, i.e., In[2/(1 + cog)], the values of work-

unloading curve follows the equatith hardening exponent derived from indentation are lower
P = k(h - hy)' (14) than the tensile data, shown in Fig. 6, while this defini-
' tion of strain has the advantage of not needing an experi-
wherek and| are material constants ard is the final ~ mentally determined constant.
depth. By differentiatind® with h and puttingh = h,,., The pileup or sink-in caused mainly by work-
we obtained the stiffness and then calculated the elastigardening characteristics has a strong effect on calculating
deflection depth. the absolute values of strain and stress in indentation.

To consider the change of contact area due to pileup df the pileup occurs for the material with lown,
sink-in, the work-hardening exponentwas calculated the contact radius increases, so the strain increases
using the iteration method. By assuming an initial valueand the stress decreases, shown in Fig. 5. This effect is
of n as 0.3, we could obtain the true stress—true straiiglearly shown in Fig. 7 by investigating the variations of
(cr-€g) relation through the analysis proposed inP,/ogratiowithn.Itis seen that the value &f /o ratio is
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7 They defined stress and strain at maximum and mini-
1 ) mum strain points to obtain a wide range of stress—

1501 ] strain curves.

] In our study, a new strain definition of 0.1tainstead

of the commonly used 0.2gjd and 0.4J/a”?°is sug-

gested, which results in the best agreement between the

stress—strain curves derived from ball indentations and

those measured directly by tensile tests. It is clearly

shown that the effects of elastic deflection and pileup/

sink-in must be included at the same time in determining

the real contact area, as suggested by Field and SwWain,

0 e ———————— — by investigating the value of the, /o ratio. The work-

0.00 005 010 015 020 025 030 035 phardening exponent is derived by the iteration method as

Indentation depth (mm) a parameter to determine the pileup/sink-in, not by Mey-

FIG. 4. Measured indentation load—depth curves of SA508, TMCP,erS law. In summary, our theoretical anaIySIS and Sys-

SA106, SA213, SM50, and AISI1025 steels in the order of higher loadl€Matic experiments provide new and precise technique
value at depth of 0.3 mm. to derive the plastic stress—strain relationships of steels

with different work-hardening characteristics. A draw-

) o __ back of this technique is that the elastic modulus calcu-
almost constant only when the pileup/sink-in behavior iSgted from the unloading cur¥®® is underestimated,
take_n into account; it varies significantly between 2.6 andpossibly due to extremely large plastic deformation in
3.4 in other cases. _ our experiments. In addition, the metidaf analyzing

The result ofP, /o = 3 for steels in our study agrees {he glastic response in Hertzian regime cannot be applied

well with the results obtained grom the traditional opti- for these materials. It is shown that the critical indenta-
cal method of residual impririt? and those from finite  tjon |0ad for the initial plastic deformation is on the

element work'® In addition, this result also satisfies the g 1 gf order for these steels, which is too low to be de-
fact that the upper value of tt&, /o ratio is about 3 for  tacted in our indentation system.

the fully plastic deformatioR? If this simple relation is The effect of anisotropy and texture can be significant
valid for various steels, the usefulness of indentation as g, evaluating the mechanical properties of steels, and it
substitute for tensile testing will be greatly improved. st pe taken into account in developing the theoretical
Accordingly, the incorporation of pileup/sink-in effects gnalysis. This effect is very complicated due to the com-
is essential in determining the real contact between thgjey "stress fields beneath the ball indenter, so further
indenter and the specimen from the indentation |°ad‘study is required. However, the effect of anisotropy and
depth curve. texture was negligible in our experiments since the
specimens were the commercial steels with large vol-
ume. And, the variation of properties with depth was
V. DISCUSSION carefully considered by keeping the indentation and
Looking into some important current research on deritension samples at the same position especially for
vation of stress—strain relationship from indentations, weSA508 steel.
found that Field and Swalr performed nanoindentation ~ The shape and size of plastic zone developed beneath
experiments with carefully calibrated spheroconical in-the indenter are mainly dependent on the yield stegin
denters with tip radii of 5 and 1@m. They considered and the work-hardening exponemtFor materials with
the pileup/sink-in by estimating the work-hardening ex-smalle, andn, the plastic zone will expand well to the
ponent, which was calculated by the relatPr a*@*™.  surface around indentation. It is thus expected that
This relation was derived from Meyer’s I&WP = Ka™  the pileup of these materials beneath the indenter will be
and the fact thatn = n + 22 where K is a material larger than those of materials with large andn at the
constant anan is a hardening factor. Alcalaet al**cal-  same depth. For various steels in this study, the yield
culated Young’'s modulus within an elastic regime usingstrain is very small and can be regarded as the same
an macroindenter with better sensitivity than our in-(0.001-0.003) while it must be taken into account for
denter. They estimated the yield strength and workmaterials with large yield strain such as glass, ceramics
hardening exponent in the fully plastic regime. Theor rubber. Hence, it is reasonable to determine the extent
work-hardening exponent was calculated by the relatiomf pileup/sink-in using onlyn as in Eq. (3).
P o h'*®™2)_ This relation was also derived from Meyer's  The work-hardening exponent derived from indenta-
law?® and the fact thatn = n + 23 Taljat et al™* de-  tion load—depth curve,,, is, however, somewhat differ-
rived the stress—strain curve by finite element analysisent from that measured by tensile test,. One

120 1 1

Indentation load (kgf)
g 8

w
o
1
2
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FIG. 5. Comparisons between flow properties calculated from the continuous indentation test and those from the tensile test for (a) AlS11025, (b)
SA106, (c) SA213, (d) SA508, (e) SM50, and (f) TMCP steels.

difference is that the value of, 4 is available in strain extent of pileup/sink-in. This is because indentation itself
range more than 0.03 in our study whilg, is obtained is a surface-proving technique and the plastic deforma-
using true stress—true strain data from the yielding pointtion during indentation will be much more severe than in

Another is that surface properties might vary from bulktension.

properties. For example, if the surface of the specimen is As mentioned previously, the indentation technique is
work-hardened, the value of,, will be lower than that largely affected by the surface properties of materials.
of n.r Then,n,,4is more appropriate for determining the For some steels such as AISI1025 and SA508, the flow
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| . the dislocation nucleation and/or moventérat initial
O 0.2siny T T . . K . . .

oad| & 04n/a a | loading complicate the interpretation of the indentation
a v In(@/(1+cosy)) load—depth curve measured at initial yielding.
(>1<) = o 0O.1tany A a
o 8 034| ® O.lany(pile-up/sink-in) o .7 VI. CONCLUSIONS
% § 9 -7 Plastic flow properties of various steels were evaluated
g 2 o2 o .2,32 v | from the load-depth curve measured by ball indentation.
8 § N =N, ’,9—’5 o (1) The contact radius was determined from the inden-
& E e v tation load—depth curve. Then the elastic deflection was
S £ 0.1+ < Pt & 3 v 1 obtained by analysis of the unloading curve. The effect
= o v | of pileup/sink-in was incorporated using the work-

0.042"" hardening exponent. (2) Various definitions of rep-

0.0 01 0.2 03 resentative strain were attempted: 0.3si0.4h/a,

Work-hardening exp.

(from tensile test)

In[2/(1 + cogy)], and 0.1tan. As a result, the shear strain
at contact edge was proved to be the best expression for

FIG. 6. Comparison between the work-hardening exponent derivedN€ Work-hardening CharaCteriStiCS of materials. (3) The
from ball indentations and that measured by the tensile test; the stressfalue of theP, /o ratio was almost constant, about 3,
strain data where the flow stress decreases with increasing strain wewghen the effect of pileup/sink-in was considered. This

excluded in deriving the work-hardening exponent from ball indenta-agrees well with the results from the traditional optical
tions, especially for SA508 steel.

method of residual imprint, which makes our analysis
very powerful. (4) Flow properties derived from inden-

stress decreases with increasing strain at initial stagéation load—depth curve were in good agreement with
perhaps due to the indenting of hardened surface. In thifiose measured by tensile test for various steels such as
case, care must be taken when the experimental data A4SI1025, SA106, SA213, SA508, SM50, and TMCP.
analyzed. For example, we must define the useful daté®) The ball indentation technique was proved to be an
range (Fig. 6) or predict bulk properties by measuring thexcellent sub_stltute for the standard te_n5|le test; it
depth profile of mechanical properties through crossNas the potential to be applied nondestructively to evalu-
sectional indentation. To find out the yield strength fromate the mechanical properties of small volumes such as
the indentation load—depth curve, it may be more relivelds and heat-affected zones.

able to extrapolate the yield strength from the useful
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