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Metal articles, specially tools and machine elements should satis{y high requi-
rements with respect to the fatigue and fracture toughness. For that reason, a
great progress in development of metal surface layer technologies is observed
recently. The surface layer after a heat, chemical, electrochemical or physical
treatment is characterized by an original plastic anisotropy and a field of resi-
dual stresses. In a further mechanical treatment or in an exploitation process,
the layer is squeezed what causes a change in the microstructure of material
and redistribution of the residual stresses. The above leads to appearance
and development of a strain induced anisofropy. In a design process of metal
surface layers, one can apply the elastic-plastic analysis of metal elements.
The analysis should take into account the both kinds of the plastic anisotropy.
A description of selected surface layers obtained after various technological
processes and a review of adequate mathematical models for elastic-plastic
analysis are presented in the paper. The considered constitutive equations
take into account: the original and strain induced plastic anisotropy, large
plastic strains of the surface layer material, as well as, a polycrystalline mi-
crostructure of metals. Preliminary numerical examples, as an illustration of
a surface layer behavior, are given.

1. Introduction

Physical, chemical and mechanical properties of a metal surface layer are dif-
ferent from the remaining part (the core) of a metal element. This is an effect
of various surface treatments of metal units in a manufacturing process. Surface
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technologies enable us to obtain metal articles with better working parameters,
such as smoothness, fatigue strength and corrosion resistance. It is particularly
important in the case of machine elements and tools working under variable loading
conditions.

From the mechanical point of view a surface layer is characterized by a strong
plastic anisotropy and a concentration of residual stresses. The above properties
appear when a metal element is subjected to one of the following surface techno-
logies:

— heat treatment (quenching, tempering, annecaling),
— chemical treatment (carbonizing, nitriding),

— electrochemical treatment (electro-plating),

— physical treatment (ions implantation).

The plastic anisotropy caused by the above technologies will be called the
original plastic anisotropy of a metal surface layer.

To temper the stress concentration and to make the change of mechanical pro-
perties on the border between the surface layer and the core smooth, a mechanical
treatment (burnishing, shot-peening) is commonly applied. A squeeze of the mate-
rial during the mechanical treatment leads to the strain induced plastic anisotropy
of the layer.

Combination of the previously described surface technologies with the pla-
stic working gives the metal surface layer of desired technical parameters. Note,
that the strain induced plastic anisotropy appears also in an exploitation process.
Changes occurring in this process should be analyzed separately. Concluding, the
final anisotropy and the stress concentration in the metal surface layer is caused
by a conscious technological process and working conditions of the metal article.

2. Structure and mechanical properties of metal surface layers

According to the standard definition, the metal surface layer is a part of metal
element laying under its external surface, which has mechanical, physical and
sometimes even chemical properties different from those of the core of the element
(Fig.1). Width of metal surface layers varies from 0.005 to 5 mm.

The most important characteristics describing a state of surface layer are the
following:

e structure of the layer

e hardness field
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e residual stress field.

A simplified model of the structure of surface layer is shown in Fig.2. One
can distinguish in the model: near-surface zone, preferred orientation zone and

squeezed zonel.
A more complex model of the surface layer structure distinguishes the following

zones, Hebda and Janecki (1972):

— absorbed organic particles,

— adsorbed water particles,

— adsorbed gases,

— metal oxides,

— degraded crystallites,

— plastically deformed and textured grains,
— plastically deformed grains,

— elastically deformed grains.

1100

HY 0.05

B

1000
800

A
800
700 \ =

600

500

A

400

300

——

00
0 01 02 0304 05 06 07 08 09 1.0 11 [mm]

Fig. 3. Hardness distribution in the carbonized layer (1) and in the nitrided layer (2) for
steel 18IIGT

Examples of the hardness distribution in the carbonized and the nitrided layers,
respectively, are shown in Fig.3. A residual stress distribution in a layer after
carbonizing, as well as, after carbonizing and next shot-peening are presented in

YSurface layer. Terminology, Polish Standards: PN 87/M-04250
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Fig. 4. Residual stress distribution after carbonizing (1) and after carbonizing and next
shot-peening (2)

Fig. 5. Localization of a crack under a surface layer of metal element
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(b)

Fig. 6. Microstructure of (a) carbonized, (b) nitrided and (¢) boroned layer
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Fig.4. Note a positive influence of the mechanical treatment on a growth of residual
stresses in the last case.

Hardening of metal surface layers has a strong influence on localization and
initiation of the fatigue crack growth in metal elements. Due to the increment of
the yield stress and the concentration of compressive residual stresses, a source
of the fatigue crack is localized under a surface layer as it is shown in Fig.5. A
number of loading cycles before the crack initiation increases considerably in this
case.

3. Sources of plastic anisotropy in metal surface layers

As it was mentioned previously, the original plastic anisotropy in metal sur-
face layers appears due to phenomena which occur in a manufacturing process.
Microstructures of carbonized, nitrided or boroned surface layers (Fig.6) cause a
local hardening and a stress concentration. Similar effects produce other surface
technologies.

To improve the surface layer properties, metal elements are subjected to a
plastic working. In Fig.7. are shown two examples of static burnishing process,
and in Fig 8. — a dynamic shot-peening process.

4—-%\-»
n

Fig. 7. Examples of a static burnishing process

The plastic working causes the following effects:
e growth of a fatigue strength in metal elements

e hardcning of surface layers
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e increment of a surface layer smoothness.

The first two of the above effects are due to an increment of compressive residual
stresses and current yield stresses.

Plastic deformation of the surface layer cause an appearance and changes of
the strain induced plastic anisotropy. Microscopic observations indicate two main
reasons of these phenomena:

e clongation of metallic grains (morphological texture) (Fig.9)
e reorientation of crystalline lattices of the grains (crystallographical texture)

(Fig.10).

%

Fig. 10. Reorientation of a crystalline lattice

Because of a strong influence of the texture eflects on macroscopic properties
of metal surface layers, mathematical modecls of the layer behaviour should take
into account both macroscopic and microscopic phenomena connected with the
plastic deformations of metals.

4. Modelling of elastic-plastic behaviour of metal surface layers

Computer analysis of metal surface layers enables us to predict their elastic-
plastic behaviour in both a forming and an exploitation process. It is assumed,
that initial properties of the layers are prescribed by: elastic moduli, hardening
moduli, a limit stress field and a residual stress field. As a result of the analysis,
one obtains a final yield stress ficld and a change in the residual stress field after
a given elastic-plastic deformation process.

There are two fundamental questions connected with the experimental input
data for the computational analysis: how to measure the local limit stress and how
to improve a measurement accuracy for residual stresses in thin surface layers? In
many cases, it is necessary to cstimate the limit stress on the basis of hardness
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measurements and make many different tests to separate residual stresses of the
first order from those of the second order.

Other problems are connected with a formulation of physical and mathemati-
cal models for the computational analysis. A full description of the metal surface
layer behaviour requires taking into account large plastic-strains and changes in
the plastic anisotropy of the material. Such a problem formulation needs a mi-
crostructural approach which leads to very expensive computations. For some
materials and technological processes it is enough to consider small plastic strains
of a surface layer and a core of a metal element. Sometimes, the normal aniso-
tropy of the surface layer may be described by introduction of a system of sublayers
with different plastic properties. The classical, macroscopic approach enables us
to formulate simplified models: anisotropic plasticity at small strain and isotropic
plasticity at large strain. Below, a short review of two groups of models of a surface
layer behaviour is given. The macroscopic, as well as, the microscopic approach is
presented.

4.1. Plasticity at small strain

4.1.1.  Huber-Mises isolropic yield theory

Neglecting the anisotropy of metal surface layers, one can apply the classical
yield theory, Hill (1950). In this case, a constitutive behaviour of an elastic-plastic
material is described by:

— the ITuber-Mises yield condition

1

28ii%ij = k*(g7) (4.1)

— the flow rule (the Prandtl-Reuss equations):

. E $ijSki .
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Sij — adeviator of the Cauchy stress o;;

k — yield shear stress

E,G,v — isotropic elastic moduli

Oijy Eijy éf-’j — stress, total strain and plastic strain increment, respecti-
vely.

4.1.2.  Hill anisotropic plasticity

More general description gives the anisotropic theory of plasticity proposed by
Hill (1950). The model allows an initial orthotropy of plastic properties which
does not change in a deformation process. For the case of rigid-plastic materials,
we have at our disposal:

— the yield condition

2f(0i;) = F(092 — 033) + G(033 — 011) + H(o11 — 022) + (4.4)
+2LTH 4+ 2M 13 + 2Nt —1=10
— the flow rule

ér = xa—f (4.5)

do;;
where: F, G, H, L, M, N are parameters characterizing the anisotropy of plastic
yield, and ) is a scalar positive function which can be determined from the yield
criterion (4.4).

4.1.8.  Ballov-Sawczuk model of plastic anisolropy development

A proposition of a model which describes changes of plastic anisotropy due to
deformation process has been given by Baltov and Sawczuk (cf Lee, 1969). In this
model, moduli of plastic anisotropy depend on plastic strain. The yield condition,
for the case of rigid-plastic materials without the Bauschinger effect is the following

2
2f(0','j,€fj) = [/1, (51'1:5_;'1 + 51’15_7'1: — §5ij5kl) + Aefjszl] $ijsiy—1=0 (4.6)

where 5% is the plastic strain, and A, A are material constants. The flow rule is
given by the relation (4.5).

4.2. Plasticity at large strain

4.2.1. Macroscopic theory for isolropic malerials

In the models at small strain, the plastic strain was defined as that which
remains after elastic unloading of a specimen. One can adapt the above definition
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for the case of large plastic strain under condition of a uniform deformation of the
specimen. In general case, we cannot split the total strain on its elastic and plastic
part because of residual distortions which remain in the specimen after unloading.
To remove these distortions, one can cut the unloaded specimen into small pieces.
The final strains of the pieces may be regarded as the plastic ones. Lee (1969) has
proposed to assume that it is possible to cut mentally the unloaded specimen on
a finite number of unstressed pieces for any elastic-plastic deformation field. The
above assumption is known in the literature as the hypothesis of intermediate (or
unstressed) configuration. Note, that we cannot determine the final orientation of
the unstressed configuration. For that reason the hypothesis is valid only in the
case when mechanical response of the material is independent on its orientation. It
is the case of an isotropic material. The hypothesis of intermediate configuration
leads to the multiplicative decomposition of the total deformation gradient Fj;,
i.e. separation into its elastic and plastic part

Fij = PRI, (4.7)

On the base of the above decomposition McMeeking and Rice have proposed the
following generalization of the Prandtl-Reuss equations (4.2) on the case of large
plastic strains (McMeeking and Rice, 1975)

E v 1 1 s.“skI
Y = 8560+ =Binbi + S b — —— | dy 4.8
Tij 1+l/[1—21/ ] Ll+21L]1+211_7L %82(1+%)] ki ( )
where

d;; — strain rate tensor
7i; = (p/po)oi; — Kirchhoff stress
Y ~  Zaremba-Jaumann derivative of 7y
p - current density
P0o — reference density.

The remain denotations are given under Eqs (4.3).

4.2.2. Microstructural theories for texiured materials

Microstructural theories are applied in the case of large plastic strains which
occur in a metal forming processes. They allow us to describe appearance and
development of plastic anisotropy caused by plastic deformations. If a polycry-
stalline structure of metals is taken into account, the plastic yield appears as a
result of glides on slip systems of eacli of the grains composing the considered me-
tal specimen. Because the glides may occur on certain crystallographical planes
and in certain crystallographical directions only, a single grain is plastically ani-
sotropic. During a plastic deformation the slip planes and directions rotate with
respect to the specimen frame taking certain privileged orientations. Existence of
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such orientations in a material is called a crystallographical texture. Change of the
texture during a deformation process leads to an evolution of plastic anisotropy of
the polycrystalline material.

To describe the elastic-plastic behaviour of polycrystals it is necessary to have
a model of single crystals behaviour, at first. Next, it is necessary to assume a
model of polycrystal which satisfies the continuity and equilibrium conditions for
the crystalline aggregate.

In the case of large plastic strains, the Taylor’s model (1938) of the grain
aggregate is usually applied. It assumes, that the local strain ficlds, in every
grain, are -the same like the global, macroscopic strain field. This assumption
satisfies the continuity condition, but the forces on grain boundaries are not in
equilibrium.

The first, complete formulation of a single crystal plasticity has been proposed
by Hill and Rice (1975). The model bases on the Schmid law: a crystal yields when
a shear stress on a certain slip system reaches its critical value. The Schmid law
plays the role of a plasticity condition which is described by a three-parametric
family of yield surfaces. Flow rule for the crystal is associated with the above
plasticity condition through the ortliogonality principle. Such a formulation leads
to an ambiguity in the choice of active slip systems when the end of stress vector
is situated in a plastic corner of a yield surface. To overcome this problem a
nonlinear, viscous approximation of the plastic crystal behaviour is applied in
some papers, Asaro and Needleman (1985). The approximation gives good results
if a parameter describing the material viscosity is large enough. The above model
is commonly used in a computational analysis of polycrystals. Ilowever, because of
viscous effects its application is limited to a certain class of deformation processes.
Recently, it has been proposed a model which avoids the problem of nonuniqueness
in the choice of active lip system and describes solely the elastic-plastic behaviour
of crystals (Gambin, 1992). The systein of cquations of the model is very similar
to those proposed by McMecking and Rice for isotrcpic, elastic-plastic continuum
at large strain (c¢f Gambin, 1992) ‘

v _ ( N Fij Fri )
= L — =—————)du (4.9)
Y N ]:mnGmn + hO _
where
Lkl - elastic moduli tensor
ho — hardening parameter
Fijy Gij — functions of stress, elastic moduli and parameters describing

a crystal gecometry.

Details are given by Gambin (1992).
The last model of a single crystal behaviour together with the Taylor’s model
of polycrystal allows us to predict texture development due to large plastic strain.
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(a)

Fig. 11. (111) pole figures for (a) drawing and (b) rolling, after 50%, 75% and 88%

reduction
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In Fig.11, the (111) pole figures show the texture changes in drawing and rolling
processes.

5. Preliminary numerical results

The presented models give many possibilities for computational analysis. The
proper choice of a model depends on a structure of surface layer and a deformation
process. Below, preliminary results of numerical calculations for the model of
isotropic continuum at large plastic strain are given. Consider a metal specimen
with a surface layer under plane strain conditions. The specimen is locally squeezed
(Fig.12 and 13). Two cases are considered: (a) the surface layer is softer than the
core (Fig.12), (b) the surface layer is harder than the core (Fig.13). In the first
case, the elastic limit R, is 300 MPa and 500 MPa for the surface layer and the
core, respectively. In the second case, the corresponding values of R, are equal
700 MPa and 325 MPa, respectively.

6. Conclusions

The present paper indicates a possibility of a computer analysis in the pro-
cess of designing of metal surface layers. Such an analysis, based on the modern
theories of elastic-plastic deformations, enables us to predict a metal surface la-
yer behaviour during forming and exploitation processes. Efficiency of the analysis
depend on a solution of two kinds of problems. The first is connected with its expe-
rimental basis: to find a hardness/yield stress relation and to unify residual stress
measurements in thin surface layers. The second group of problems is connected
with a constitutive modelling of surface layers: to give an effective description of
the anisotropic plastic flow for materials with microstructure and to describe the
fracture of such materials under monotonic and variable loading.

Acknowledgements

This paper is sponsored by KBN (Committee of Scientific Research) by grant No 576/1.
Authors are grateful to prof. prof. M.Marciniak, J.Tacikowski and dr. dr. S.Janowski,
A .Stefko for helpful discussions. Special thanks are to M.Sc. M.Sc. A.Morawski and
J.Peroiiczyk for the preparation of numerical examples.



842 W.GAMBIN, A.NAKONIECZNY, IK.SKALSKI

(a)

AAAREEER
382 13877
= <
rd l\
g6 N
/
J
126 126
(5 SR N N A | ;
= N/
T a2 0257
0474
(e} y + L

|
N
/7
ZpA
N
N
gé

Fig. 12. Burnishing of the solt surlace layer, (a) ellective stress [MPa],
(b) plastic strain [-], (c) residual stress [MPa]



ORIGINAL AND STRAIN INDUCED PLASTIC ANISOTROPY... 843

(@) YYyVVIVYY

354

\ r

—
286

//
/1

P

! { |

{(x10™")

(c)

‘\‘-'1f;99
J/""" 7140
Y,
38l 9588/~ 338/

Fig. 13. Burnishing of the hard surface layer, (a) effective stress [MPa],
(b) plastic strain [-], (c) residual stress [MPa]



844 W.GAMBIN, A.NAKONIECZNY, K.SKALSKI

References

1. Asaro R.J., NEEDLEMAN A., 1985, Tezture development and slrain hardening in
rale dependent polycrysials, Acta Metall., 33, 6, 923-953

2. GAMBIN W., 1992, Refined analysis of elastic-plastic crysials, Int.J.Solids Struc-
tures, 29, 16, 2013-2021

3. HEBDA M., JANECKI J., 1972, Friction, Lubrication and Wear of Machine Ele-
ments, (in Polish), PWN Warszawa

4. HiLL R., 1950, Mathematical Theory of Plasticity, Oxford Press

5. HiLL R., RiIcE J.R., 1975, Constitutive analysis of elastic-plastic crysials al arbi-
trary strain, J.Mech.Phys.Solids, 20, 401-413

6. Lee E.H., 1969, FElastic-plastic deformations al finile strain, J.Appl.Mech., 36,
1-6

7. McMEEKING M.R.., RICE J.R., 1975, Finite-element formulalion for problems of
large elastic-plastic deformalion, Int.J.Solids Structures, 11, 601-616

8. TayLor G.I., 1938, Plastic sirain in melals, J.Inst. Metals, 62, 307-374

Poczatkowa 1 indukowana anizotropia plastyczna w warstwach wierzchnich
metali

Streszczenie

Szeregu wyrobom, specjalistycznym narzedziom oraz czesciom maszyn stawiane sa wy-
sokie wymagania z uwagi na wytrzymalosé zmeczeniowa oraz odpornos¢ na kruche pekanie.
Z tego tez powodu obserwuje sie obecnie intensywny rozwdj technologii warstw wierzch-
nich. Warstwy wierzchnie metali po obrdbkach cieplno-chemicznych czy elektrofizycznych
charakteryzuja sie zazwyczaj poczatkowa anizotropia plastyczng. W kolejnych fazach
réznych proceséw obrébek mechanicznych badZz podczas eksploatacji warstwy wierzchnie
czesci maszyn ulegaja zgniotowl, ktory wywoluje zmiany w mikrostrukturze materialu oraz
redystrybucje naprezen wlasnych. Powyzsze zjawiska prowadza nastepnie do wystapienia
indukowanej anizotropii odksztalceniowej. Podczas projektowania stanu warstwy wierzch-
niej do opisu tych zjawisk wykorzystuje sie teorie sprezysto-plastycznych deformacji metali.
Analiza taka winna jednak uwzgledniaé oba rodzaje anizotropii. W pracy zaprezentowano
opis wybranych modeli warstw wierzchnich otrzymanych po réznych procesach technolo-
gicznych oraz przeglad odpowiednich modeli matematycznych sprezysto-plastycznych de-
formacji. Rozpatrywane réwnania konstytutywne uwzgledniajg poczatkowa i indukowana
plastyczna anizotropie oraz duze odksztalcenia materialu warstwy wierzchniej a takze
polikrystaliczna mikrostrukture metali. Przedstawiono takze wstepne wyniki obliczen nu-
merycznych qua,ce ilustracja sygnalizowanych zmian w warstwie wierzchniej.
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