
JMEPEG (1996) 5:734-742 �9 International 

Identification of the Bulk Behavior in the 
Near-Contact-Surface of Steel Workpieces 

A. Dubois, L. Dubar, P. Picart, and ,I. Oudin 

Originally dedicated to the characterization of the material surface properties for processes involving ex- 
tended workpieces such as tube drawing, the upsetting-sliding test involves a circular cross-section in- 
denter which creates a localized plastic strain by sliding with a given penetration along a generator line 
of a specimen. The mechanical characteristics of the indenter are the same as those of the tool in the full- 
scale problem, and the specimen is directly extracted from the workpiece or from the target part of the 
production plant. An analysis of the upsetting phase of the test is proposed to identify the specimen bulk 
properties in the near-surface. The stress-strain curve of the specimen is averaged by a Ludwik's model. 
A dichotomizing search is involved to compute the most suitable Ludwik's parameters by minimizing the 
error made between experimental results and elastoplastic finite element computations. Identifications 
carried out on a 1522 annealed steel specimen accurately determined the bulk behavior. 
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1. Introduction 

IMPROVEMENTS OF material processing or nonlinear me- 
chanical design problems are strongly related to the bulk and 
surface material behavior (Ref 1-3). 

If a large set of  tests is available for the determination of sur- 
face behavior (Ref 4), the bulk properties are still currently ob- 
tained from tensile or upsetting tests on laboratory specimens. 
In fact, there may be noticeable differences between the inner 
bulk properties and the near-surface ones, depending on how 
the specimen is obtained. The traditional ways of  identification 
become inaccurate when the contact surfaces are important 
compared to the free ones. 

On the other hand, the use of coatings may also affect the 
specimen bulk behavior, particularly in the case of reacting 
treatments. The current tendency is to consider coating layers 
only for their surface effects and ignore their influences on the 
bulk material characteristics. However, a recent work shows 
that these coatings do influence the deformed geometry, the 
stress and strain states of the workpiece in the vicinity of the 
contact zone (Ref 5). Then, it becomes crucial to develop a new 
procedure able to quantify these effects and determine the bulk 
behavior of rolled, laminated, or drawn workpieces, as well as 
the influence of  coatings and surface treatments on the strain 
hardening of  materials. 

In the strategy proposed by Bricout et al. to improve surface 
treatments (Ref 6), the upsetting-sliding test is used to identify 
surface characteristics at the tool-specimen interface (Ref 7). In 
the test, a streamlined indenter moves toward the specimen, 
perpendicularly to its surface, until a required penetration is 
reached, and then slides along one of its generator lines, creat- 
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ing a local plastic deformation.  The mechanical  propert ies  
of  the indenter are the same as the ones of  the tool or contac- 
tor of  the studied process,  and the specimen is direct ly taken 
in the workpiece of the product ion plant. The appl ied loads 
are measured during indenter  displacements;  friction stress 

~ O / .  -. 

Fig. 1 Main notations and characteristics of the upsetting-slid- 
ing test device 
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and contact pressure are deduced from mechanical and finite 
element analyses and lead to an accurate determination of the 
surface behavior (Ref 8). 

In order to complete this surface behavior determination, an 
analysis of  the upsetting phase of  the test is proposed to identify 
the bulk characteristics of  the specimen in the neighborhood of 
the surface. The presented strategy relies on minimizing the er- 
ror made between experimental measurements and three-di- 
mensional elastoplastic finite element computations of  the test. 
The bulk behavior law of  the specimen is averaged by a Lud- 
wik's model. An iterative scheme based on a dichotomizing 
search is involved. The Ludwik's parameters are used as mini- 
mization variables. 

2. The Upsetting-Sliding Test 

Initially proposed for the analysis of  forming processes of  
extended workpieces, including extrusion, wire, and tube 
drawing, the upsetting-sliding test reproduces contact condi- 
tions that are representative of  the studied problem. The in- 
denter penetration and indenter radius are calculated in order to 
reproduce contact pressure and effective plastic strain at the in- 
denter-specimen interface in the same range as the ones of  the 
full-scale problem. Experiments are operated on specimens 
which are parts of  the real workpieces, ensuring perfect agree- 
ment between the mechanical and chemical properties of  both 
the specimen and workpiece. 

The upsetting-sliding test device is composed of  three main 
parts: a motionless frame on which the specimen is clamped, a 
moving frame whose direction of  motion is parallel to the gen- 
erator line of the specimen, and the indenter support lying on 
the moving frame. The direction of  motion of the indenter is 
perpendicular to the moving frame direction (Fig. 1). 

The test operates in two steps. Located 7.5 mm from the bot- 
tom of the specimen, the indenter moves normally toward the 
specimen until the required penetration, then is fastened on the 
motion frame, which starts its translatory motion (Fig. 2). The 
indenter displacements in the Z-direction are recorded 
throughout the experiment. The upsetting-sliding test device is 
fitted on a standard tensile machine so that the friction force is 
directly measured by the load cell of the tensile machine. The 
normal load is derived from the measurement of a special com- 
pact strain gage sensor stuck on the indenter support. The pene- 
tration is then obtained a posteriori by the measurement of the 
track left on the specimen. The upsetting phase of  the test is 
used to identify the bulk behavior of the specimen in the neigh- 
borhood of the contact zone, and the sliding phase leads to the 
identification of the surface behavior. 

The methodology proposed to identify bulk material behav- 
ior at the vicinity of  the contact zone is based on minimizing the 
error between experimental and numerical results. Finite ele- 
ment analyses of the test are achieved, and the mean contact 
pressure calculated from the contact pressure computed at the 
indenter-specimen interface is compared to the mean contact 
pressure derived from experimental measurements. 

The indenter penetration is limited to small values during an 
experiment. We generally take penetration values lower than 
0.2 mm to avoid the extension of  the plastic zone through the 
whole thickness of the specimen. Consequently, only the bulk 

behavior in the near-surface is involved in the identification 
procedure developed hereafter. Therefore, the bulge created by 
the displacement of  the material under the indenter is insignifi- 
cant (in fact, no positive node displacements in the Y-direction 
are observed in the finite element computations). The contact 
surface is assumed to be equal to the intersection of  the cylin- 
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Fig. 2 Cross-sectional view of the upsetting-sliding test de- 
vice. (a) Upsetting phase. (b) Sliding phase 
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Fig. 3 YZ section of the contact zone in the upsetting-phase of 
the upsetting-sliding test 
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drical surface of  the indenter with a cylindrical surface of ra- 
dius R, R being the local radius of curvature of  the specimen in 
the contact zone (the specimen is not necessarily a cylinder or a 
tube). The indenter penetration, p, is given by: 

p = R - NIR 2 - -  L2/4 (Eq 1) 

Experimental analysis 
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Fig. 4 Identification procedure, global approach. Synopsis of 
the proposed methodology 

where L is the width of  the track (Fig. 1). The mean contact 
pressure exerted at the indenter-specimen interface is then 
equal to (Fig. 3): 

oe = ~n/'KL ~ R  2 - (R 0 - p)2 (Eq 2) 

where o e is the mean contact pressure derived from experimen- 
tal measurements, ~n is the experimental normal load, and R 0 is 
the indenter radius. Owing to the symmetry of the problem the 
friction force on the indenter, F~, is equal to zero, and the mean 
friction stress, o F, is not to be considered in the analysis. 

3. Global Approach to the Identification 

3.1 T h e  I d e n t i f i c a t i o n  P r o c e d u r e  

In the proposed strategy to determine the bulk behavior of  
the specimen, the strain-stress curve is represented by a Lud- 
wik ' s  model: 

(3 0 = (YL(1 + tIL(r p - s MPa (Eq 3) 

where t~ 0 is the bulk yield stress, ep is the effective plastic 
strain, G L, ct L, and n L are the Ludwik 's  parameters, and ei de- 
fines the lower effective plastic strain value from which the 
bulk yield stress-effective plastic strain relationship is valid. 
The advantages of this model are the use of the limit of  elastic- 
ity as a parameter (the (~L term) and the use of a power function 
to model the strain hardening; this results in an accurate ap- 
proximation of  the strain-stress curves for plastic strain lower 
than 0.2 (Ref 9). The Ludwik ' s  model shows very good results 
in the evaluation of  strain-stress relationship of aluminum, tita- 
nium, and tungsten alloys (Ref9-11).  

Obviously, the proposed methodology is not linked to the 
choice of the Ludwik 's  model; any other parametrized relation- 
ship is allowable. Each Ludwik ' s  parameter belong to a given 
intervals whose boundaries depend on the specimen material. 
For  steel workpieces at room temperature, the Ludwik ' s  pa- 
rameters are between 50 and 800 MPa for t~ L, 0 and 8 for ct L, 
and 0 and 1 for n L. An iterative scheme, which reduces the 
range of  variation of the Ludwik ' s  parameters, is then used to 
minimize the error made between the mean contact pressure 
derived from experimental measurements and the mean nu- 
merical contact pressure (Fig. 4). A first finite element analysis 
is run with the mean values of  G L, ~L, and nL: 

o ~ = ( o ~  + oM)/2  (Eq  4)  

ao  = (a~  + aLM)/2 (Eq 5) 

n ~ = (n~ + nLM)/2 (Eq 6) 

where the superscript 0 is related to the initial values of  the Lud- 
wik ' s  parameters in the iterative scheme and the superscripts m 
and M are related to the lower and upper bounds of  the inter- 
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vals, respectively. Three other simulations are run to evaluate 
the errorderivat ives with respect  to the Ludwik 's  parameters:  

~E 0 Ago 
= = nL ) _ Gn(GL, ~0, nO)]/AoOL 200 Aoo to (oo +/ ,oo,  o . 0 

(Eq 7) 

~go AgO 
= n 0 ActO, nO) _ On(OL,n 0 ~O,r/O)]/Ao~O ~ 0  L A~ 0 = [On(GL, O~ 0 + 

(Eq 8) 

~E o AE 0 
= On(OL, ~n O An O=[Onn(OO'~O'n O+An O)_ n 0 cxO, nO)]/An 0 

(Eq 9) 

where o n is the mean numerical contact pressure and E ~ is the 
error at the first step of the analysis between experimental and 
numerical mean contact pressures: 

E 0 : 100(0 n - oe)/~n (Eq 10) 

The intervals are then bipartite in regard to the sign of  the er- 
ror go and its derivatives (Fig. 5). As the size of  the total prob- 
lem is divided by eight at each step (2 k where k is the number of 
parameters), it is considered that the solution will be obtained 
in a maximum of seven steps, the range of the intervals in pro- 
gress being then lower than 1% of their original value. The 
number of computations is also strongly reduced in regard to a 
classical dichotomizing search, which requires a numerical 
simulation of the test for each parameter at each bound of  the 
studied domain. Four computations are run with the present 
method for a three-parameter model, against 27 for a classical 
dichotomizing search. 

3.2 Testing of the Proposed Procedure 

The upsetting-sliding experiments analyzed hereafter are 
achieved on specimens extracted from 1522 annealed steel 
tube of  outer diameter 70 mm and inner diameter 58 mm. In or- 
der to determine the bulk material behavior of this material and 
have a reference to validate the identification procedure, small 
cylinders are machined from the tube. They are polished and lu- 
bricated so that the Coulomb's  friction coefficient at the die- 
cylinders interface is equal to 0.07. Their initial dimensions are 
shown in Fig. 6(a). The cylinders are submitted to a reduction 
of  height of  50%, which corresponds to an effective plastic 
strain equal to 0.69. The strain-stress relationship is derived 
from the force-displacement curves recorded during the tests. It 
is found that 

~ = 248.94 (1 + 2.85e ~ MPa (Eq 11) 

The bulk behavior of the 1522 annealed steel being identi- 
fied, the global approach is applied to these upsetting tests in 
order to quantify the accuracy of the proposed procedure. The 

mesh of  the cylinders involves 53 axisymmetric elements with 
four nodes and four integration points and two axisymmetric 
elements with three nodes and one integration point (Fig. 6b). 
The total number of  degrees of  freedom is 140. 

Figures 7 and 8 present the evolutions of  the error E and its 
derivatives for two sets of  initial ranges of  parameters. It ap- 
pears that the evolutions of  the Ludwik's  parameters are inter- 
dependent; the signs and values of the derivatives remain 
almost constant whatever the values of  the current parameters 
in progress. 

error E error function 

O computation required with the proposed approach 
ra computation required with a dichotomizing search 

initial  range of variation of the Ludwik's  parameters J 

'~ reduced range of?variatiott o f  the Ludwiles pgamct~S . . ]  

Fig. 5 Identification procedure, global approach. Principle of 
the reduction of the range of variation of the Ludwik's parame- 
ters, presented for a two-parameter model 
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Fig. 6 Identification procedure, global approach. (a) Main di- 
mensions and (b) finite element mesh of the cylinders 
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One consequence is that the convergence of  the procedure 
toward two different laws depends on the initial range of vari- 
ations of the Ludwik 's  parameters (Fig. 9). The experimental 
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Fig. 7 Identification procedure, global approach. Variation of 
the error E and its derivatives for initial parameters equal to 400 
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Identification procedure, global approach. Variation of 
the error E and its derivatives for initial parameters equal to 400 
for o L, 4 for et L, and 0.4 for n L 

curve and the first numerical identified curves are in good 
agreement, but great differences arise between the experimen- 
tal curve and the second identified curves. The three curves are 
in concordance only in the effective plastic strain range going 
from 0.6 to 0.8. That corresponds to the strain measured within 
the specimen: the proposed strategy in its current state is only 
able to identify bulk properties of  the specimen in a range of  ef- 
fective plastic strain. This consequence is based on the fact that 
only the final state of the specimen is considered in the method- 
ology, not the history of the deformation. The solution is to 
build the bulk yield stress-strain curve from several tests 
achieved at different strain states using a stepwise procedure. 
The application of this method to the upsetting phase of  the up- 
setting-sliding test is presented below. 

4. Stepwise Identification 

4.1 Step-by-Step Identification Procedure 

Because the evolution of the three Ludwik 's  parameters is 
interdependent, the new identification can be achieved with a 
one-parameter-behavior law. Consequently, only one numeri- 
cal simulation is required at each step of the procedure to com- 
pute the error E, its derivative in regard to the parameter being 
calculated once at the first iteration. The total number of  com- 
putations remains approximately the same as the global ap- 
proach, although there are more tests to analyze. 

However, the course of  the parametrized bulk yield 
stress/effective plastic strain curves has to be similar to the 
course of  the one researched to respect the deformation path 
and consequently to converge toward strain and stress distribu- 
tions close to the real ones. Therefore, a Ludwik 's  model that 
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Fig. 9 Identification procedure, global approach. Comparison 
between the experimental bulk behavior law and the bulk behav- 
ior laws resulting from the identification procedure. First identi- 
fied law: G0 -- 262.50 (1 + 2.625 s MPa. Second identified 
law: G0 = 270.31 (1 + 2.703 s MPa 
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fits well with the course of  steel bulk behavior curves is used. 
Two of its parameters are fixed; only the hardening coefficient 
varies, from 0 to 1. 

The new identification strategy is based on the data process- 
ing of a series of tests. The identification is achieved for each 
test using the iterative scheme presented in the global ap- 
proach, so that a set of different Ludwik's curves is obtained. 
The range of validity of the identified curves is given by the 

range of effective plastic strain computed in the specimen by 
the finite element code. The bulk behavior law of the analyzed 
material is interpolated from the couples of  maximum effective 
plastic strain/maximum bulk yield stress (Ep, ~0) computed in 
the corresponding range of validity for each test (Fig. 10). 
Therefore, the result of  the final identification is independent of 
the choice of  the Ludwik's parameters used in the iterative 
scheme. 
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Fig. 10 Identification procedure, step-by-step approach. Synopsis of the proposed methodology 
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4.2 Application to the Upsetting Phase of  the 
Upsetting-Sliding Test 

The upsetting-sliding test was originally devoted to the 
characterization of the surface behavior of  processes involving 
extended workpieces, such as wire drawing, where the encoun- 

v l  

(a) (b) 

Fig. 11 Identification procedure, step-by-step approach. (a) 
boundary conditions and (b) finite element mesh of the specimen 

\ 

(a) (b 

tered effective plastic strain are between 0.05 for skeen pass to 
0.2 for wire reduction of 20%. The step-by-step procedure first 
used to identify the bulk behavior of  the specimen in that range 
of  effective plastic strain. On the other hand, that range of ef- 
fective plastic strain greatly determines the course of  the Lud- 
wik ' s  curve for higher values of  effective plastic strain (0.2 < 
ep < 1). It is then expected that a curve accurately identified for 
effective plastic strain ranging from 0.05 to 0.2 will provide a 
good approximation of the bulk behavior in a wider range of  ef- 
fective plastic strain, the range of  validity of  the identification 
being then extended to an enlarged range of use. 

The identification is based on the local upsetting of  70 mm 
diameter 1522 annealed steel specimens of 50 mm length with 
G1 carbide tungsten indenter, the specimen bulk behavior be- 
ing the same as the ones of  the 6 mm diameter specimen already 
studied. 

A first three-dimensional finite element mesh is defined by 
modeling one-half of the specimen. According to the symmetry 
conditions, the X-displacements of nodes located in the X = 0 
plane fixed to 0. As the specimen is clamped on the device, the 
Z-displacements of  nodes located in the Z = 0 and Z = 50 mm 
planes also fixed to 0. In order to compute accurate stress and 
strain distribution at the indenter-specimen interface, seven 
discretization segments in the X-direction and eight in the Z-di- 
rection are involved to model the contact surface. The mesh 
consists of  17 layers of three-dimensional elastoplastic ele- 
ments with eight nodes and eight integration points in the cir- 
cumferential direction, 24 layers in the Z-direction, and four 
layers through the specimen thickness. The element size are 
smaller and smaller as the element is closer to the contact zone. 
A total of  6750 degrees of  freedom is then used. 

The stiffnesses of  the indenter  and of  the cyl indr ical  
stand on which the specimen is leaned are far more signifi-  
cant than that of  the specimen,  so the indenter and the cylin- 
drical  stand are modeled by cyl indrical  rigid surfaces, the 
contact  being considered unilateral.  The contact  at the in- 
denter-specimen interface is control led by 28 interface ele- 
ments with one node. 

Two computations are run, with Coulomb's  friction coeffi- 
cients equal to 0 or 0.3, respectively corresponding to perfect 
conditions of contact and bad mixed lubrication regime. The 
bulk behavior used for these analyses is the experimental one 
given in Eq 11. It can be noticed that: 

1 - 0.02 
2 0.03 
3 0.04 

0.05 

5 0.06 Z ~ X  
6 0.08 
7 0.10 
8 0.14 
9 0.18 

(c) 

Fig. 12 Identification procedure, step-by-step approach. Effec- 
tive plastic strain distributions in the vicinity of the contact zone 
for indenter penetration of 0.16 mm and indenter radii equal to 
(a) 2 mm,(b) 5 mm, and(c) 10ram 

�9 The stress and strain distributions are symmetric in regard 
to the symmetry plane of  the indenter (Z = 7.5 mm). 

�9 The stress and strain distributions remain confined between 
the Z = 2 and Z = 13 mm planes. 

�9 The stress and strain are not significantly influenced by the 
friction coefficient. 

A new model is then involved to model the specimen from Z 
= 0 to Z = 7.5 mm and involving a zero friction stress. The 
boundary conditions are similar to those of  the previous model, 
except that symmetry conditions are added for the node located 
in the Z = 7.5 mm plane. The new model involves 476 elasto- 
plastic elements with eight nodes and eight integration points, 
28 contact elements, and 2160 degrees of  freedom (Fig. 11). 
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The effective plastic strain reached at the indenter-specimen 
interface is strongly related to the indenter radius, R 0, and pene- 
tration, p. For finite element computations of  the test performed 
with indenter radii ranging from 2 to 10 mm and an indenter 
penetration equal to 0.16 mm, the maximum effective plastic 
strain values increase from 0.06 to 0.18 (Fig. 12). The depth of 
the plastic zone remains in these cases lower than one-half  the 
thickness of the specimen (3 mm); the identification concerns 
mainly the bulk behavior at the near-surface of the specimen. 

A set of experiments were performed with indenter radii of 
2, 5, and 10 mm and an indenter penetration of 0.16 mm. Three 
identifications were performed with different sets of  initial pa- 
rameter values. The results are shown in Table 1. The range of 
validity of the identifications is 0.03 to 0.18, which corre- 
sponds to the maximal and minimal effective plastic strain 
computed at the indenter-specimen interface in the three tests. 

T a b l e  1 R e s u l t s  o f  t h e  i d e n t i f i c a t i o n  p r o c e d u r e  

An excellent agreement is observed between the experimental 
laws obtained from Eq 11 and the identified laws, the error be- 
tween the curves being lower than 5% for ep between 0.03 and 
1 (Fig. 13). The range of  use of  the identified bulk behavior law 
is then extended. 

5. Conclusions 

The upsetting-sliding test is devoted to the determination of  
friction laws and to the identification of friction coefficient and 
factor. The test involves a streamlined indenter that exerts a 
given contact pressure on a specimen by sliding along one of its 
generator lines with a prescribed penetration. The test operates 
in two steps: the indenter moves toward the specimen until the 
required penetration is reached, then slides along the specimen 
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Fig. 13 Identification procedure, step-by-step approach. Comparison between the experimental bulk behavior law and three laws identi- 
fied with different initial parameter ranges of variations 
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surface. An analysis of the first phase of  test is presented to 
identify the bulk behavior of the specimen in the neighborhood 
of the contact surface. 

The proposed methodology is based on minimizing the er- 
ror made between the contact pressures derived from experi- 
mental measurements and the contact pressures resulting from 
finite element computations. It involves several tests leading to 
different strain states and an iterative scheme derived from a di- 
chotomizing search. The results of the identification of each 
test are gathered and lead to the identification of  a global bulk 
yield stress/effective plastic strain. It has been shown that: 

�9 The combination of  several identifications involving re- 
sults from different experiments leads to an accurate deter- 
ruination of the bulk properties of the specimen for 
effective plastic strain in the ranging from 0.03 to 1. 

�9 The results of the identification are independent of the in- 
itial values of  the identification parameters. 

�9 The procedure presented to identify the bulk properties of 
materials is not restricted to the upsetting-sliding test; it is 
applicable to any process since only the confrontation be- 
tween experimental and numerical results is required. 

�9 In the case of  the upsetting-sliding test, the stress and strain 
distributions remain confined near the contact zone. There- 
fore, the procedure allows determination of  the bulk behav- 
ior in the vicinity of the specimen surface. 

Due to its ability to identify material behavior in a restricted 
zone of a workpiece, the proposed identification method is 
promising for the determination and identification of bulk 
properties of  industrial materials, particularly in the case of 
coating billets and workpieces with nonhomogeneous charac- 
teristics. The determination of  accurate bulk behavior in the vi- 
cinity of contact surfaces is an important step toward the 
determination of reliable friction constitutive equations where 
the friction coefficients and factors are commonly expressed as 
functions of the bulk and shear yield stresses. 
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