Prediction of Brinell Hardness
Distribution in Cold Formed Parts

The objective of this study is to predict the Brinell hardness distribution in cold formed
parts by relating the plastic strains found by finite element (FE) analysis to hardness.

Ahmet Demir Based on the material’s plastic flow curve, an analytical relation was established between
the plastic strain induced in the metal during cold working and its Brinell hardness so
Fazil O Sonmez1 that its hardness can be determined from numerically obtained plastic strains without

producing the part and taking measurements. In order to verify the model developed in
this study, cold extrusion experiments were performed on samples made of two different
metals at five different extrusion ratios. These samples were cut, and at their centers
Brinell hardness measurements were taken, which were then compared with the analytical
predictions. The results of the analytical model compared quite well with the data ob-
tained from experiments. The model was also verified by comparing its predictions with
the experimentally determined values of hardness reported by previous researchers. The
results showed that within the applicable range of Brinell hardness test, which covers a
great percentage of hardness levels resulting from cold forming operations, the analytical
model can reliably be used[DOI: 10.1115/1.1789960
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Introduction checked the validity of this relation by comparing numerically
If a volume of metal is cold worked, the resulting plastic strair(;Eletermined effective strain distribution in a backward extruded

distribution may not be uniform. Knowing that inducing plasti€@n o the measured hardness distribution. Gouveia ¢2]
deformation alters material's strength, different regions of a coRfrformed a similar study for cold forward extrusion. They ob-
formed part will have different strength. For part reliability, wetained a relation between Vickers hardness and effective strain by
need to characterize and determine its strength. A practical waymeasuring the hardness at the center of cylindrical specimens
characterizing strength is hardness. compressed at specific ratios. According to the compression ratio,
Hardness as a measure of material’'s resistance to permartbetcompressed specimens had known values of effective strain.
deformation is an important quality parameter for the finishethey used their relation to verify the numerically calculated ef-
product. It is also a measure of forgeability of a material undefective strain distribution in an extruded part by comparing with
going a cold forming process. Generally, cold-formed parts afge measured hardness distribution. Ruminski ef4jl obtained
forged in a number of stages and in each stage the material 4 empirical relation between Vickers hardness and effective
dergoes additional permanent deformation. The material, duriggain 1o determine the mechanical property distribution in cold
the process, sometimes becomes so hard that further forming BPéwn tubes. However, these were empirical relations specific to

comes impossible without fracturing the part. In order to contin : : : : .
the process, the part should be heat treated, and thus its hardLr#eeertsam materials with a certain flow curve. If one seeks a relation

should be reduced. Therefore, it is important to know whether gﬂ? Wween hardness and strain for 3“0”?” mgtenal, an upsettmg
stages can be achieved consecutively without any interruption (fl: hardness measurements, and FE simulations are required fol-
forming process or a heat treatment is necessary at some interfgi/ed by correlation with resuits. Choi et §] avoided this bur-
diate stage. densome procedure by performing a FE simulation of the Brinell
Because of being an important quality criterion, a measure brdness test for a cold formed material. Thus, they obtained
strength, and a means of determining formability of the materidbrinell hardness of a material that has undergone a certain extent
we need to determine the hardness of a part. Trial and error, &fyplastic strain. Based on the calculated hardness they found a
producing prototypes, taking measurements and repeating the pedation between hardness and strain, and then verified this rela-
cess, is not a feasible approach. It is difficult, time consuming, afidn by comparing the predicted hardness distribution with the
costly. Estimating the hardness distribution without actually makneasured values. Although they avoided the cumbersome experi-
ing the part is a more desirable approach. _ ~ mental work that the previous methods required, their approach
In order to establish a correlation between effective strain afj| poses difficulties concerning accurate FE modeling of the
hardness, Kim, Lee, and Altgd] performed an upsetting experi- grine| test indentation, and computational expense of such a non-

ment, and then measured the h_ardnesg at various Io_catlons N ih&ar contact problem with moving contact boundaries. Similarly,
part. They also calculated effective strain distribution in the ups tkka a[6] carried out a FE analysis of conical indentation on a
part through a FE analysis of the upsetting process. By correlati8§ Y y

the measured hardness and the numerical results, they foun &9 worked pgrt to find the equivalent pyramidal Vickers hard-
relation between Vickers hardness and effective strain. They af3sS and obtained a relation between Vickers hardness and flow

stress.
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Fig. 1 A schematic for the spherical indentation of the Brinell ) ) o )
hardness test Fig. 2 Schematic of the procedure for verifying the analytical
model

Approach to the Problem

The Brinell hardness tegFig. 1) is performed by forcing a
hardened stedbr tungsten carbideball with diameteD onto the
part being tested with a specified forde, and measuring, by a
magnifier or microscope, the diameter of the indented ate@he
Brinell hardness, HB, is defined as the load per unit surface al
of the permanent impression:

The Analytical Model to Predict Brinell Hardness

The mechanical behavior of an indented solid can be character-
ized as purely elastic, elastoplastic, or fully plastic. If the inden-
tation force is small, the material elastically deforms and upon
unloading the surface recovers to its original shape. A further
fidrease in the load leads to plastic deformation, initially half
contact radius below the surface, where maximum shear stress

F/D2 develops[9]. If the load is further increased, the plastic region
HB= i (1) extends, during which resistance of the material against deforma-
™ 1— \/1_(2) ) tion increases due to work hardening. Continued indentation thus
2 D requires larger and larger mean pressure. Beyond the elastic-

. . . . lastic regime, a fully plastic regime follows, in which plastic
_hereF Is in kgf, D andd are in mm. Accordingly, the unit of HB gone exte%ds over the whole region around the indentation. Hard-
is kgf/mn?. For steels Elavmg_ hardness less than 650 HB, the.ss measurements are carried out in the fully plastic regime:
standard value of the/D? ratio is 30 kgf/mrd. Usually, the cho- pence correlation of experimental and analytical results should be
sen values fo= and D are 3000 kgf and 10 mrfi7]. Hence, qone for this regime.

having measured or estimated the indentation diametegne In 1908 Meyer developed an empirical relatitk0] such that

may easily calculate HB. _ _ the ratio of indentation diameter to the ball diameD, in-
We may assume that the deformation behavior of the materighased with the mean pressurg,, as

fits a simple power law such that if the material is under uniaxial

loading, the true stress-true strain curve can be described by P :k( g )m @)
o=ke" ) " D

wherex andn are material constants. The strain hardening exp¥h€re.Pm is the load per unit projected area

nent,n, ranges from 0.@zero work hardeningto an upper limit E

of about 0.5[8]. In this study, we analytically related the inden- Pm=m (4)

tation diameterd, and Brinell hardness, to the flow curve con-

stantsk andn. We relied on the previous theoretical and empiricalhe data provided by O’Neill in 194{10,11 suggested that the
studies of the Brinell indentation process. We also generalized tipgwerm in Eq. (3) was about equal to the strain hardening expo-
relation to the cases where the material has undergone permameamtt, n, in Eq. (2). Further experimental studies confirmed this
deformation through cold forming. finding [12,13.

Figure 2 describes the procedure that we followed to verify the Based on indentation tests performed on highly worked mate-
analytical model. First, two different materials were selected amigls Tabor[8,11] found that mean pressure,,, was about equal
their flow curves were determined through upsettiogmpres- to 3o, flow stress, in the fully plastic regime regardless of the
sion) experiments. Effective strain at the central line of the exndentation size. Because they were incapable of further appre-
truded parts away from the edges was already known analyticaltyable work hardening, they can be considered to be ideally plastic
Besides, FE analysis of the extrusion process was carried outntaterial. Accordingly, flow stress;., can be assumed to be uni-
find the effective strain distribution. Thus, it was possible to aserm around the indented region. On the other hand, when a work
certain the region where analytically calculated strains were validardening material is indented by a spherical indenter, the flow
Then, the hardness corresponding to the effective strains was meess(or yield stressS)) increases as a result of the strain hard-
dicted through the analytical model. The results were then comning of the material. We should recognize that the extent of de-
pared with the measured hardness. The analytical model was dtsonation, or straine), changes from one point to another in the
verified by checking how well it predicts the experimental resulisdented region, so does the flger yield) stress according to Eq.
reported by the previous researchers. (2). This means that for work hardening materials, flow stress not
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only varies with deeper penetration but also varies spatially in tipgior deformation. Tabor confirmed that initial uniaxial stradg,

indented region. Tabdrll] assumed that at a material point deis additive to the representative strain,. Equation(7) then be-
veloped a flow stressr,, that could be considered to be reprecomes

sentative of the overall deformation. He further assumed that the d

rsipr)(reesentatlve stress had a linear relation with the average pres- 8e:80+,35 (11)

(5) Substituting Egs(6) and (11) into Eq. (5), we may express the
average pressure as

where « is a constant. At this material point, the representative

stresso., and straing,, are also related according to E@).

Pn=aoe

F p—
w24 ¢

Equation(12) may not be solved fod analytically. We need to
Tabor, reasoning from the equality of strain distributions for inemploy numerical methods. After substituting the numerically ob-
dentations at whictd/D ratio is the same because of the sam&ined value fod in Eg. (1), we may easily calculate HB.

deformed shape, concluded that the representative strain wouldRuminski et al.[4] found that compression and tension speci-
also depend on this ratio. In order to find the point of representaens deformed to the same level of effective strain possessed
tive flow stress, Tabor first established a relation between pyramabout the same hardness. This fact justifies our assumption made
dal Vickers hardness and the flow stress of the material basediomeriving Eq.(12) that hardness of a material is uniquely related
measured values of hardness on specimens compressed by speoifibe level of effective strain regardless of the deformation his-
ratios, therefore with known flow stress. Then, he conducted ntery. However, for materials for which tension and compression
cro pyramidal indentations on the surface of spherical indentew curves are highly discrepant such as austenitic stainless steels
tions, and thus determined the flow stress of the deformed majt6} Eq. (12) will not be valid.

rial at various locations on the free surface. Based on the data, he

found out that the flow stress at the edge pf the indentgation WeS$fective Strain

proportional the mean pressuf,,, over a wide range of inden- ] ) o ) o )

tation sizes @/D) such that Eq(5) holds with a value ofx ap- D}Jrlng forging of intricate parts, unlike unlaX|qI Ioaqlng, defor-
proximately equal to 2.8or various materials, it was between 2.Mation state becomes very complex. At a material point, all of the
and 3.0. Accordingly, he supposed that it might be used as grain components;; , may be nonzero. However, in order to be
representative value for the overall deformation of the materi@ple to employ Eq(11) we need a single straim,,, that is rep-
around the impression. The corresponding representative straifi@gentative of the prior deformation at that point. In this study, we
the edge found from Eq(6) turned out to be related to tryD ~ assume that Eq11) as well as Eq(12) are valid if effective strain

ratio (confirming Eq.(3) and equality ofn andm) as is used fore, . According to the deformation theory of plasticity,
effective strain is defined as

K

g\n
80+BB) (12)

ge=kKep (6)

d
€= By (7) £o=\ 5 (62, + el t+ €2+ 22+ 2€2,+ 2e2,) (13)
here, 3 was about equal to 0.2 independennadr «. Substituting As can be seen, in uniaxi_al loading of an irjcompressible material
Egs.(3), (6), and(7) into Eq. (5), we obtain v=1/2), where onlyo;; is nonzero, effective strain reduces to
€1,. For further information, one may refer to books on plasticity
F d\" like Ref.[16].
7d24 ‘“‘( 55) (8)

. . The Factors @ and
The ratio of mean pressur,, to yield stressS,, at the onset of B

permanent deformation during indentation takes a value of aboutf@bor[11] experimentally determined the values@andgin

1.1[9,14,15. In order to induce a deeper indentation, this rati&d- (8) as 2.8 and 0.2. Researches investigated through empirical,
needs to be increased, but when the ratio becomes equairto theoretical and numerical studies whether these values were just
the fully plastic regime, in which hardness measurements a#gPirical fit obtained by just averaging the data on a few chosen
taken, it remains constafit1]. Taking out the indentation diam- Materials, or they possessed a general validity. Most of these re-

eter,d, in Eq. (8), we get searchers confirmed the form of E(), but differed on their
choice of appropriate values far and 8. Richmond, Morrison,

4FD" | Y(nt+2) and Devenpeckl7] obtained a theoretical solution for the inden-

= W) (9) tation of a rigid-perfectly plastic solid by a rigid sphere. The

theory predicted that the ratio of the mean pressure to yield stress
Substituting ford in Eq. (1), and rearranging, we may express théa) was 3.0, and this value remained constant throughout penetra-

Brinell hardness, HB, in terms of the known properties. tion, and the representative strain of the deformed material was
approximately equal to 0.328) times the impression-to-ball-
F/D? diameter ratio. However, indentation experiments on a copper al-
HB= STEET (10) 1oy showed that the theory somewhat overestimated these values.
m 1 \/ _ 4 i Follansbee, Sinclair, and Johnsd#,18 performed a FE elasto-
2 makB" D2 plastic analysis of a work-hardening material indented by a rigid

ball. Their results agreed with the experimental data provided by

Equation(10) implies that as long as tHe/D? ratio remains con- Tabor[11] in the elastoplastic as well as in the fully plastic re-
stant (the standard is 30 kgf/minfor steel$, the same Brinell gime. Some other FE studies of spherical indentdtich2Q also
hardness is obtained for a given material regardless of the appl@idroborated Tabor’s findings. Hill et 421] analyzed the Brinell
force, F. Having determined flow curve constarfisandn), we indentation on power-law hardening materials using the deforma-
can easily calculate the Brinell hardness. tion theory of plasticity. They formulated the problem using a

In a cold forging process, plastic strains are induced, and caself-similarity approach such that deformed geometry, stress and
sequently hardness of the work-piece increases due to strain hatdain fields could be derived from a single stationary solution by
ening. Equatior(10), however, does not account for the effect oappropriate scaling. Patfor history dependence was thus re-
work hardening. Therefore, it is valid only for materials with nanoved. They obtained a solution of the problem by a finite ele-
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Table 1 Measured and calculated (Eq. (10)) hardness values of materials with no initial strain

K Measured Predicted
Material (Stee) (MPa) n HB HB %Error
AISI1010(1] 665 0.255 98 99 1.7
WNr. 1.0303[2,3] 685.2 0.185 119 119 8.4
XC18[28] 664 0.10 142 140 1.1
SCM415[5] 768 0.139 143 149 4.0
Z2CN18-10[28] 862 0.21 148 142 4.3
Mild steel [11] 1000 0.249 149 150 0.7
XC80[28] 921 0.17 159 166 4.1
35CD4[28] 819 0.09 185 178 3.7
XC48[28] 1133 0.16 195 208 6.5
16NC6[28] 1026 0.17 196 184 6.1
100C6[28] 1023 0.14 196 197 0.6
42CDA4[28| 939 0.10 204 200 2.2
Z38CDV5|28] 1136 0.17 218 203 4.6
XC38[28] 1102 0.11 221 228 3.5
XC65 (28] 1607 0.24 221 239 8.3
0.3C, 0.4Mo, 1.4Mo,1.6Ni temp. at 7259C2] 1137 0.120 247 230 7.0
ASTM A514, T1[30] 1103 0.088 256 242 5.6
A508B [29] 1133 0.105 258 238 7.9
35NC15[28] 1235 0.08 272 276 15
Z15CN17-03[28] 1403 0.10 288 297 3.3
AISI 4130 tempered at 670°{27] 1300 0.096 297 279 6.3
AISI 4130 tempered at 550°(27] 1375 0.070 338 316 6.6
0.3C, 0.4Mo, 1.4Mo, 1.6Ni temp. at 425°@2] 1534 0.061 402 361 10.2
AISI 4130 tempered at 400°{27] 1860 0.049 458 452 1.3
AISI 4130 tempered at 300°(27] 2213 0.056 535 527 1.6
0.3C, 0.4Mo, 1.4Mo, 1.6Ni temp. at 200°€2] 2163 0.050 537 524 2.4

*Vickers hardness was converted to Brinell hardness using the conversion table for steels provideddm|.Ref.

ment method. Remarkably, their numerical solution yielded aborgliability of the indentation models proposed by other research-
the same universal values=2.8, andB=0.2 in Eq.(8), as the ers. They found none of the models they considered to be satis-
values determined experimentally by Talpbt]. At the perimeter, factory. For various materialgy came out to be between 2.4 and
the effective strain was found to be 6/D regardless of the value 3.0. Although the predictions of Matthew’s model compared well
of strain hardening exponent. Biwa and StoraK@& carried out with the data for steels, over aged Al alloy, and Cu—Zn, the model
a similar analysis, but used incrementat flow) theory of plas- overestimated the value affor iron, copper, and Al alloy in aged
ticity. Their analysis yieldedr=3.07, andB=0.16. Estimated condition. They suggested that lower strength materials having
effective strain distributions in these two studies were incompatardness less than about 200 HB exhibited loweralues. Re-

ible. In a recent FE study conducted by Mesarovic and H&a8k view of the literature reveals that there are disagreements among
a drop was predicted in the value @ffor large indentations in the researchers regarding the relation between mean pressure and the
fully plastic regime. However, this drop occurs beyond the rangstent of indentation.

in which most hardness measurements are taken. Fridridisar-

ried out a statistical analysis of previously published spherical Comparison Between Measured and Predicted Values of
indentation data. The mean value @ffor 21 different materials Hardness. In order to test the appropriateness of the suggested
having a low strain hardening exponent, turned to be 2.87. values fore and 8, a comparison is made between the measured
Francis also confirmed the suitability of the form of E@) using hardness of materials with known flow properties and the hard-
indentation data from 43 materials. Chaudii3,24] investigated ness calculated by the analytical model developed in this study.
effective strain distribution around spherical indentations on copecause forging of steels is our main emphasis in this study, we
per specimens. He first obtained an empirical relation betweenly considered steel properties reported in the literature. As seen
Vickers (pyramida) hardness and plastic strain based on the harih Table 1, the flow parametets andn) of the 26 chosen mate-
ness measurements on specimens each having a specific compi@s-have a wide range of valu¢8.049—0.255 fon, 664—2213

sion ratio. After carrying out a Brinell indentation, he cut theMPa for x, 98—537 kgf/mrf for HB). Because the hardness of
specimen through the mid plane of the impression. He then pérese materials was measured before any prior deformétimn
formed micro Vickers hardness measurements on the cut sectiwork hardening Eg. (10) was employed using the suggesied

and obtained the strain distribution by correlating with the meand B values. The empirical valueseE 2.8, and3=0.2) pro-
sured hardness. Empirically found strain qualitatively agreed wigfosed by Tabof11], and confirmed by the analyses of Hill et al.
the calculated strain of Hill et a[21] in locating the maximum [21] and Follansbee, Sinclair, and Johngd#4,18 turned out to
strain just below the indentation surface on the load axis. Yet, the the most appropriate ones in predicting the hardness of a steel
representative strain turned out to be nonlinearly dependent wraterial. The average error in HB for the chosen materials is 4.4%
d/D ratio as opposed to the linear dependence as confirmed wigh a standard deviation of 2.7, and the maximum error is 10%.
Hill et al. [21] and Francig15]. Based on this, ChaudhfR4] There is no need to decrease the value ér low strength steels
questioned the validity of Eq.7). However, the indentations in as opposed to the suggestion made by Tirupataiah and Sundarara-
this study were far larger than the ones on which standard Bringh [12] for iron and copper.

hardness measurements are taken. Matth2®$ developed a  Because our objective was to estimate the Brinell hardness of
model for indentation, which showed dependencerain strain cold forged products, the validity of the proposed equation in
hardening exponent,. For a perfectly plastic materiah&0.0) «  estimating the hardness of permanently deformed materials is of
was 3.0, andw=2.85 forn=0.5. A FE analysis of spherical in- higher importance. In view of this, we compared the predictions
dentation carried out by Taljat et gl26] suggested the sameof the proposed equation first with the experimental data reported
trend. Tirupataiah and Sundararajgi2,27), assuming8=0.2, by Kim, Lee, and Altan[1]. In Fig. 3, data points indicate the
conducted static indentation tests to find the valueroRelying hardness measured at specific locations in compression specimens
also on previously reported experimental data, they evaluated t@responding to the numerically calculated effective strains. The
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Fig. 3 Data points indicate the measured hardness corre- Fig. 5 Data points indicate the measured hardness of a mild
sponding to the numerically calculated values of effective steel [11]. The line shows the hardness predicted by the pro-
strain [1] for AISI 1010. The thicker line shows the empirical posed equation (Eg. (12) and Eq. (1)).

curve obtained by curve fitting of the data points. The thinner
line shows the hardness predicted by the proposed equation
(Eqg. (12) together with Eq. (1)). . .
Cold Forming Experiments

The experimental part of this study involves validation of the
analytical relation between effective strain and the Brinell hard-
thicker line shows the empirical curve obtained by curve fitting afess, and examining applicability of the method developed in this
the data points (H¥ 102.8+ 84.%) [1]. The thinner line shows study. As a forming process, cold extrusion was chosen, firstly
the hardness predicted by the proposed equéiqn(12) together because it is possible to analytically determine the final plastic
with Eq (1)) using the flow parameters of the undeformed matétraln aIOI_‘lg the Cent-er“ne of the eX.trUded pal’t. Th.u.s, the error due
rial (the Brinell hardness was converted to Vickers hardness usﬁﬂﬂ; numerical analysis of deformation for determining the value
the conversion table in Ref31]). Calculated values of hardnesseffective strain was avoided. Secondly, one may easily impose any
are within the range of the data scatter even for very large effe¢alue of strain by just varying the ratio of initial diameter to final
tive strains. The empirical valuest& 2.8, andB=0.2) proposed diameter. Thirdly, extruded parts are widely used in industrial ap-
by Tabor[11] again provided the best fit. plications either as a semi or final product. Also, upset(m]@n- _
Figure 4 provides another comparison between the predict@@ forging experiments were conducted to establish the relation
and measured hardness. The triangular marks show the hardm@een the true stress and strain.

measured by Gouveia et &2,3] at the center of cylindrical speci- Material. In cold forming, usually low-carbon steels are

mens compressed at specific ratios, therefore with known valygs,y “accordingly, the selected materials for extrusion were C40
of effective strain. Although, the proposed equation somewh ESB?, which had the chemical composition as given in Table
p\ijeres(tjm:jatfes th?. hardness, th‘t:"hptfd'ded trend tlr;l h?jrdtness WitRijiets were normalized before the cold forming experiments in
induced deformation agrees with the experimentally determingglye, 15 attain a homogenous and relatively soft microstructure.
trend. The maximum error is 14%, and on the average the e"or/-\'ﬁhough any metal or alloy can be extruded, in practice die

about 11%. Considering the various sources of error, the agregangth sets a limit for the strength of the material to be extruded.
ment of the analytical predictions with the empirical data is goo this study, dies were made of cold worked tool steels, hardened

We further verified the proposed equation by comparing its pres : ; ;
dictions with the values of hardness measured by Tabbl on Z?Jsistglrﬁﬁgc ,avxglzgrigg:r.ed through the extrusion process without

cylindrical specimens with known effective strafRig. 5). The
predictions of the model agree quite well with the data.

Table 2 Chemical composition of C40 and St37 steels

250 Material C% Mn% S%
C40 0.37-0.44 0.5-0.8 <0.045
St37 <0.17 0.2-0.5 0.03

200 Predicted Hardness

=
Empirical Curve

a10 L
<

Hardness (HV)

50 ;

]

0 02 04 06 08 1
Effective Strain T

Fig. 4 The thicker line shows the empirical curve obtained by

curve fitting of the data points (HV=—60.78§+ 119.1¢,

+115.1) [2]. The thinner line shows the hardness predicted by

the proposed equation (Eq. (12) together with Eq. (1)). Fig. 6 Upset part dimensions
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Table 3 Flow curve constants of C40 and St37 (o=ke") Table 4 Strains and extrusion ratios of the extruded parts

Material K (MPa) n Part Initial diameter Extruded diameter True strain
number D, (mm) D, (mm) 2 In(D,/Dy)
C40 810 0.150
St37 773 0.171 1 30,2 15 1,40
2 27,3 15 1,20
3 23,5 15 0,90
4 19.3 15 0,50
5 17,0 15 0,25

Upsetting Experiments. First, in order to characterize plastic
flow behavior of the materials, i.e., to obtain the flow curve con-
stants, upsetting experiments were carried out. Three samples
were made from each material. The samples had a diameter of
10 mm and a length of 15 mm as shown in Fig. 6. The experi-

mental procedure for upsetting was standardized in ASTM E9-8ftne thickness of the heaH, is as large as the inlet diameter, .
The dimensions of the test-piece and surface finish were selectgghe part were extruded further, then a sucking-in would ociur
and upsetting experiments were performed by following the staf-<p ) at the head. This means a cavity forms at the top surface

dard procedure as detailed by Pohldi82]. The test machine of the head as if indented with a sphere, because of more exten-
provided the force and displacement data, which were then usgge flow at the center.

to construct the true-stress-and-strain curves. Table 3 presents . . . ) )
the constants of the flow curves represented by a power relationThe Extrusion Ratios. Five extrusion ratios were chosen,

o=xe". which resulted in five different final strain values. Table 4 shows
the dimensions of the extruded part, and the associated central
Extrusion Experiments strains.

Setup. The basic experimental setup mainly consisted of a die Plastic Strain Distribution in the Extruded Specimengl-
and a punch. All other equipments were accessories to fix thekeugh the effective strain at the centerline of the extruded part
two main parts onto the press table. The final diaméegr, was was analytically determined as 2 By/D,), due to edge effects
the same for all dies, which was 15 mm; on the other hand,validity of this formula is restricted to portions of centerline away
different initial diameter was chosen for each die. Five differeritom the edges. In order to investigate the range for which this
dies and punches were manufactured with different reduction farmula is valid, the extrusion process was modeled using Marc
tios. The dies and the punches were made of hardened tool steg&lgoforge to determine the effective strain distribution. One may
Figure 7 gives a sketch of the parts for the die-set. refer to Ref.[33] for the details of this analysis.

The punch was fixed by means of a punch holder to the upperAfter performing the FE simulations, the centerline strains were
block, which was in turn fixed to the ram of the press. The pundabserved to be equal to the value 2Dg(D.) away from the
holder was positioned so as to provide concentricity of the punellges. In other words the speed of the punch and the material
and the die. The material of the die was hardened and the surfaceperties had almost no effect on the final strain at the centerline.
was ground to reduce friction so that resistance to material flolihe final geometry and the strain distribution are shown in Fig. 8.
would be as low as possible. The lower block stood between tiiee head lengthx;,, and the initial unstable process region
press table and the die. The material extruded into the lowesX,, roughly equals to the inlet diameter. In order to capture the
block, which had a bore slightly larger thdh,. The half cone strain without the effect of free edges the length of the extruded
angle was 20 deg. part, Xe-X;, was chosen to be about three times the initial diam-

In order to ensure a uniform and homogenous extruded portigrer. Thus, the measurements were taken in the region betyeen
the length of extrusionh, was chosen to be about four times thendx,, to make a valid comparison between the analytically pre-
outlet diameterD,=15 mm, or three times the initial diameter.dicted and measured values. The strains at other locations can

Extruded part Upper block

Punch holder

Punch

D,=15mm D, Die
i

D,
}‘T’| D,=15mm

Billet

Lower block

T
:
i
)
’
i
1]
i
Ll

Fig. 7 Sketch for the experimental setup
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Fig. 8 Final geometry of the forward extruded part and strain distribution at its
centerline

only be determined by FE modeling, and thus hardness predieads to homogenization of mechanical properties. Especially, at
tions can be made based on only numerically obtained valuesle¢ations where hardness gradient is high, Brinell hardness repre-
strain. sents average hardness around the point at which measurement is
. taken. Impression size to part size ratio in our experiments as
Results of the Extrusion TestsThe extruded parts were cut atindicated in Table 5 is high, which might have led to measured

the mid-plane and the Brinell hardness measurem_eﬁif)?( values higher than the actual. Besides, sometimes specimens were
=30) were taken at the centerline of the extruded portion. Tableyt 1o take measurements in an interior region. During cutting
lists the average of the measured Brinell hardriégs measure- qneration, induced plastic deformation may increase the hardness.
ments for each extruded parand the corresponding impression "The source of error may also lie in the model. Stress—strain

diameter. These are the average values of 20 pieces of extrudgfle of a material may not perfectly fit into a power relation as
part for each strain and material. 200 pieces were extruded totalltc ;med in employing E2). Equality of “m” in Eq. (3) and

The analytical model was then used to determine the hardnessy Eq. (2) was assumed in the model. However, these expo-
at the centerline. Figure 9 gives a comparison between measure
and predicted hardness. Although the proposed equation underes-
timates the hardness, the predicted trend of the change in hardne<g,
with effective strain conforms well to the experimentally deter
mined trend. The maximum error is less than 13%, which cant 259
considered to be satisfactory for predicting hardness distributic
in cold forged parts.

200

dness (HB)
g

Discussion

Comparisons with the data attest the accuracy of the propos$
equation, even though there may be numerous sources of error.
a source of measurement errors, piling-up or sinking-in around tl
circumference of the impression may detract from the accuracy 0 L L L 1 1
optical readings. Besides, we extensively used the conversi 0 025 05 0.75 1

* Measured hardness
— Predicted hardness

-

o

f=)
T

. h 1,25 15
table t')et.ween Vickers and Brlnell' hardness. Conyerslon fz?iC.tO Effective Strain (ST37)
have limited accuracy. The behavior of the material in resistin
indentation could be different for spherical and pyramidal inden 4
ers. Any inhomogeneity may cause different readings especia .
for Vickers hardness, which has much smaller impression the 250 f . ¢
Brinell's. On the other hand, large size of Brinell’s impressior_. *
P 200 | *
. ﬁ 150 E
Table 5 Average measured values of Brinell hardness at the c
centerline of the extruded parts and corresponding impression g 100 £ ¢ Measured hardness
diameters I = Predicted hardness
50 |
HB (kgf/mn?) d (mm)
Strain c40 St37 C40 St37 0 ' ' ' ' '
0 025 05 075 1 125 15

0.25 205 195 4.21 4.32 . .

0.50 230 220 399 408 Effective Strain (C40)

0.90 250 235 3.83 3.95 . ) . )

1.20 260 245 3.76 3.87 Fig. 9 Data points indicate the measured Brinell hardness

1.40 265 250 3.73 3.83 (kgf/mm?). The line shows the hardness predicted by the pro-

posed equation (Eqg. (12) and Eg. (1)).
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nents do not exactly have the same values. Also, the universa"[yl] Tabor, D., 1948, “A Simple Theory of Static and Dynamic Hardness,” Proc. R.

. . : f Soc. London, Ser. A192, pp. 247-274.
of a andg in Eq. (8) and the particular values used in this StUdy[lz] Tirupataiah, Y., and Sundararajan, G., 1991, “On the Constraint Factor Asso-

were just approximations. ciated With the Indentation of Work-Hardening Materials With a Spherical
. Ball,” Metall. Trans. A, 22A, pp. 2375-2384.
Conclusions [13] Chaudhri, M. M., 1996, “Subsurface Plastic Strain Distribution Around

. i . Spherical Indentations in Metals,” Philos. Mag. A4, pp. 1213-1224.
In this study, we presented an analytical model to predici4] Sinclair, G. B., Follansbee, P. S., and Johnson, K. L., 1985, “Quasi-Static

Brinell hardness distribution in cold formed products. Application ~ Normal Indentation of an Elasto-Plastic Half Space by a Rigid Sphere-Il Re-
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the cold forming process. The predictions of the model were com-  Verlag, New York.

pared with experimental data, and the accuracy of these predié/] Richmond, O, Morrison, H. L., and Devenpeck, M. L., 1974, ‘Sphere Inden-
tation With Application to the Brinell Hardness Test,” Int. J. Mech. StB,

tions was quite satisfactory. op. 75-82.
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