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Abstract: Gas nitriding is well established as a suitable process for realising low distortion in precision
parts under optimal conditions. However, efforts for optimising the distortions by trial and error, which
are not avoidable, have been repeated over many years. A software tool based on the finite element
method is developed by use of the latest models of nitriding for resolving the problems, which was
applied to the nitrided austenitic stainless steels specimens. In this study, distortions in nitrided steel
cylinders, which were measured systematically in 1930s, were investigated using the tool for
understanding their tendencies derived from different conditions. The fruits will be used for enhancing
the tool by additional validations, and applying finally to distortion problems in practical parts.
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1 Introduction

Gas nitriding has been used over many years for precise machine parts, because it achieves
comparatively small distortions. Numerous studies on phenomena due to nitriding have been
performed to enhance and optimise this process in this period. For example, experimental works to
find hardness and microstructure distributions in compound and diffusion layers after nitriding have
been executed routinely under various conditions. However, a few reports on its distortion, which were
systematically investigated after the process developing stage, were published as far as authors know.
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In recent years, theoretical studies on compound layer growths, nitride precipitations and nitrogen
diffusions have been performed by the finite difference method for low alloy steels (Sun and Bell,
1997), Fe-Cr alloys (Schacherl et al., 2004), austenitic stainless steel (Christiansen and Somers, 2006),
and so on. On the other hand, simulation works for residual stresses in nitrided steels were limited
(Daves and Fischer, 1994; Kolozsvary, 2002; Arimoto et al, 2008). As for distortions, a bending due
to the expanded austenite in a stainless steel plate during nitriding was simulated by the authors
(Arimoto et al., 2008) using the finite element analysis, considering not only diffusion but also stress-
strain phenomena.
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In this study, authors’ simulation tool was expanded for low-alloy steels, and applied to a research
on distortions in nitrided steel cylinders with different diameters, which were experimented by
Mailénder (1936). Our work studied if trends of the simulated and measured results are identical, and
also why the distortion and residual stresses were generated, by examining the findings.
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In this paper, experimental studies on distortions in nitrided steels from 1920’s to 1940’s are
reviewed, since these include the fundamental information on the problems. Next, the theory and
implementation of our simulation based on the finite element method are described briefly, including
the model of expansion due to nitride precipitations. Finally, simulated results for the Maildnder’s
experiments are expressed, and also its origin of the distortions and residual stresses in the nitrided
steel cylinders is explained using the simulated strain distributions.
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2 Early experimental studies on distortions in gas

nitrided steels

Fundamental studies on the distortions in gas nitrided steels were reported in the early intensive
development period of nitriding process, which were experimented systematically. Here, these initial
researches carried out from 1920°s to 1940’s are outlined for understanding their basic problems clearly.
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An effect of temperature on the distortion was studied experimentally by Hommerberg and
Walsted (1929), based on measurements of diameter and length changes in Al-Cr steel cylinders, 17.8
mm in diameter and 147 mm in length, nitrided for 48 h at 6 temperature levels between 480 and
705 °C. On the other hand, a contribution of a hollow in nitrided Al-Cr-Mo steel cylinders to the
distortion was examined by Cunningham and Ashbury (1931). They also reported bending curvatures
in steel plates nitrided on their single side. Kontorowitsch and Motzalkin (1936) studied effects of
different diameters in cylinders with and without a hollow to the distortions.
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An influence of different diameters on the distortion was examined by Mailidnder (1936) based
on diameter and length changes in Al-Cr steel cylinders, 120 mm in length and 10 levels of diameter
between 4 and 24 mm, nitrided for 96 h at 500 °C, as shown in Figure 1. The length change is expressed
as its relative value; the changes are divided by the original length. In his study, the measurements
were performed on not only distortions but also residual stresses in the same specimens. The
experimental results showed that decreasing diameter induces smaller diameter and larger length
changes. This tendency was confirmed by Hamasumi et al. (1943) using Al-Cr-Mo-Ni-V steel
cylinders, 95 mm in length and 8 levels of diameter between 1 and 20 mm, nitrided for 50 h at 500 °C,



which is depicted as shown in Figure 1.
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Figure 1 Influence of different diameters on dimensional changes in nitrided cylinders
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An effect of nitriding time on the distortion was studied by Nagasawa (1940) based on measuring
diameter changes in Al-Cr-Mo steel cylinders, 25, 50 and 75 mm in diameter, nitrided for 20, 40, 60,
80 and 100 h at 530 °C. These measurements showed the different diameters did not affect on the
diameter changes, which was roughly proportional to the nitrided depth. Although the Mailénder’s
report does not include measured values for more than 24 mm in diameter (Maildnder, 1936), his
experiments suggest Nagasawa’s results. In addition, distortion characteristics and its optimisation for
practical parts, for example slide valves, oil seal rings and cylinder barrels, were described by
Nagasawa.
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3 Theory and implementation of nitriding simulation

3.1 Fundamental equations on diffusion, precipitation, stress-
strain and distortion
Nitrogen diffusion phenomena accompanying nitride precipitations in steels can be expressed by the
partial differential equation on the nitrogen concentration C (Crank, 1975):
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where D is the diffusivity of nitrogen, generally depends on phases, temperature and nitrogen
concentration during nitriding. The term 0C?/0¢ in equation (1) is the concentration change rate of
nitrogen absorbed from matrix to nitride during its precipitation. Equation (1) needs boundary
conditions which are defined by specifying mass fluxes or concentrations at the surfaces, or by
describing a model with the mass transfer coefficient (Rozendaal et al., 1983; Grabke, 1994).
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When a nitride M,N;, in a diffusion zone is precipitated from a specific alloy element, M, for
example Cr, Ti, V and Al, and nitrogen, N, its behaviour can be modelled by using the equation
(Pearson and Ende, 1953; Sun and Bell, 1997):
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where [M] and [N] are concentrations corresponding to elements, M and N, respectively, x and y



represent stoichiometric coefficients, and K,, , shows the solubility product constant of this
N,

precipitation. When two or more nitrides satisfy equation (2) concurrently, the one with the highest

value of the ratio, [M ]X [N ]y / K,, »  should be precipitated first, and then the others should be

followed sequentially in this simulation according to the proposed approach (Sun and Bell, 1997).
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Local volume expansions arise in a microscopic region of nitrided parts, where nitrogen atoms

diffuse, and also compound layers and nitrides are produced. As a result, elastic, plastic and creep

deformations are induced there. Since these deformations are interpreted as strains macroscopically

using the continuum mechanics, at any point in a part during nitriding, total strain té‘l.j produced at

the time ¢ is defined as the addition of various strains, as shown:

where
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c . o
e e e T e e e and tgl.j are the elastic, thermal, diffusion,

phase transformation, plastic, transformation plastic and creep strains, respectively (Arimoto et al.,

2006).

Equation (3) is derived based on the assumption that displacements and strains are

infinitesimally small. The diffusion strain tgijD in equation (3) is defined as a term for describing the

lattice expansion due to diffused atoms macroscopically, was disregarded since lesser than phase
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transformation strain tgij by nitride precipitations in this study. So far, creep strain té‘ij

(Buchhagen and Bell, 1996; Kolozsvary, 2002) and also transformation plastic strains, tgijTP (Daves

and Fischer, 1994) have been considered to simulate residual stresses in nitrided specimens.
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The strains in the right-hand side of equation (3), except the elastic strain, are obtained by time

integration from an initial state to the time t, as follows:
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where tgl.jK expresses the strain rate corresponding to each kind of strain, which is modelled by
conventional procedures (Bathe,1996; Arimoto et al., 2006).
zzTle ik, HEHOOTRICHIET 2 0T REEERL, fEROSE (Bathe,
1996; Arimoto et al., 2006) IZ X > TETF LI NTW 3.
The transformation plastic strain El.jT.P during transformation from phase / to J in this study is

expressed as follows:
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where K,, and s; are the transformation plastic coefficient and the deviatoric stress, respectively.

h(&,,) is the contribution from the transformation progress to the transformation plastic strain. For



example, the following empirical equation can be used (Fischer et al. 1996).
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The expansion coefficient of mixture due to precipitation and the volume fraction of each phase
are derived from their density. The density data of steels including dispersed nitrides, MN, can be
estimated using the same approach as for the ferrite and cementite mixture described in the literature
(Jablonka et al., 1991):
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where p, ., p,and p, are the densities of mixture, matrix and nitride MN, respectively. Also

f,, and f,, are the mass fractions of matrix and nitride, respectively.
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3.2 Implementation of the simulation based on the finite element
method

The finite element method has been used to solve numerically the partial differential equations of
physical phenomena, for example, diffusion, heat transfer and stress/strain behaviours (Bathe, 1996).
Using this method, the diffusion equation of equation (1) is transformed to the unsteady non-linear
equilibrium equation in the matrix and vector notations based on the configurations at time ¢ and ¢ +
At:
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Dt+AtC+tKC=t+AtQ_tF (8)

where D : diffusion capacity matrix, ‘K : diffusion matrix, HAtQ: diffusion flow vector, ‘F :
diffusion flow vector equivalent to the element flows, A C . concentration rate vector, C :
increments of concentration from ¢ to t+At. The effects of the term OC” / Ot in equation (1), which
relate to nitride precipitations, are included in the diffusion flow vector HAIQ .
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Regarding heat transfer and stress/strain behaviours, similar equilibrium equations to equation

(8) are established, where the forms of matrix and vector correspond to temperature and displacement,
respectively.
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Nitriding processes are simulated by using diffusion, heat transfer, and stress/strain analysis
modules, and also nitride precipitation model. In each time step, the diffusion/precipitation and heat
transfer/stress-strain analyses are performed sequentially. By applying the mixture law, characteristics
data concerning the physical phenomena are estimated simultaneously based on the predicted volume
fractions and the inherent data of each phase (Arimoto et al., 2008).
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#EE TN 2 (Arimoto etal., 2008).

4 Studies on distortions in nitrided steel cylinders

4.1  Simulation conditions of nitrided cylinders

Maildnder (1936) clarified the effect of different diameters on length and diameter changes in nitrided
cylinders. In this study, his experimental result is validated and explained using our simulation. Here,
a finite element model and characteristics data used in this study are described.
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Figure 2 Shape maintaining and restraining conditions in model of cylinder, (a) analysing region

(b) axial and radial constraint (c) circum and radial constraint
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Cr-Al alloy steel cylinders, from 6 to 24 mm in diameter, were modelled as infinitely long objects,
since they have a sufficient length of 120 mm. The central sliced region of a cylinder, in Figure 2(a),
were described using axisymmetric finite elements. For modelling the cylinders with different
diameters from 6 to 24 mm, elements from 129 to 171 were specified along the radial direction in the
region, which were finer in the surface part than the core, for considering the steep gradient of nitrogen
concentration.

Cr-Al &Moo (Eff 6~24mm) &, +9%AEE (120mm) 2HF 5729,
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The upper and lower cross-sections of the region are under the condition of maintaining a plane
as shown in Figure 2(b). A sector in the cross-section must keep not only its shape but its central angle
as shown in Figure 2(c). The temperature of the model is maintained for 96 h after increasing uniformly
from a room temperature to 500 °C, and then decreased uniformly to the room temperature.

2(b)TRT K ST, fHi o e TR o Wi I i AR 2 & T ICh 5. W
HND 27 2 —1%, K 20)icmd Lo, IR T Tk < o SR L 72 17 L 7s
b, ET ORI, EiflA 5 500°C £ TH-IC LA & 2721210 96 R fREF X
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The initial incubation period was not considered because of the long term nitriding for 96 h and
then the surface concentration was set to 0.0554% N, which is an equilibrium value calculated
according to the study by Sun and Bell (1997). Precipitation phenomena of CrN and AIN were
described by the model shown in equation (2), using the solubility product constants, 0.0012 and 1.5

x 10-8, respectively. The diffusion coefficient of nitrogen in the steel was set to 9.3 x 10-6 mm2/s

11



from the literature (Sun and Bell, 1997) after considering the accuracy of the model for treating two
or more nitride precipitations concurrently. The y’ phase layer was not included in the finite element
model because of being much thinner than the diffusion layer.
Y OERIAM X 96 RO RIAZE(CAE O 72 ® ICF[E¢ 3, KR IE Sun &
Bell (1997) DHIFEICHD W CEHE S N FHHED 0.0554 %N ICEE S 7z, CIN &
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& 1.5x10°8 ZH55E L 7z, Silh 2R OIRHEE X, Sun & Bell (1997) OHiEICED &,
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Although elastic, plastic, and creep phenomena can be considered for the simulation, few material
characteristics data of the Al-Cr nitriding steel, 0.3% C, 1.3% Cr, 1.0% Al, depending on the nitrogen
concentration, had been published. In this work, therefore, Young’s modulus and Poisson’s ratio were
extracted from the data of ordinary alloy steels (Date, 1969). Creep phenomena were expressed using
the equation for its first stage:

R, M, BE O —THREI T I 2L v a2 voXfRE L TERAETH D
23, 2L AL (03%C, 1.3%Cr, 1.0%AD IZBH3 2 ERREKIF DM ERHET —
ZFIFE A ERRIN TR, Lo T, KIFFETIE, YV I7RERT Y Vit
WEOGRHDOT — 2 (Date, 1969) 2>offitfi L7z, 7 ) —7HRICOWTE, 2D
FHBE D
“=ko't" 9)
where the parameters &, n and m were set to 1 x 107'!, 2.0 and 0.62, respectively, under the units of
MPa, s and mm/mm for stress, time and strain, respectively, by trial and error, based on the data from
the literature (Odqvist and Hult, 1962). An incremental creep strain at each step was calculated by the
strain hardening procedure in the system (Bathe, 1996). Plastic behaviour during nitriding was
disregarded in this simulation, because of the simplicity and the unknown information during nitriding.
On the other hand, the transformation plasticity was considered by a model including its coefficient of
1.0 x 10* MPa'.
EHWCERIILZZ, 22T, N7 A=K k n, BXY m L, W), K, 03 HIC
xfL, HfZMPa, s, mm/mm %\, BE#HR (Odqvistand Hult, 1962) IZ& % 7 — X IC
HOWTHEITHRIC LY, 20z 1x107", 20, BXU0.62 ICHREINE. &X
Ty TRLBI ) -7 U?‘inﬂﬁ/\ X, Y A7 LHNO VT AEFIE (Bathe, 1996)
IC X W EHE I N, EUHE o BT, HHils X ELHE T TR D1
WTh27ew, 2OV Ialb—va v TldEHINZ, —F, ZEBAKEIIZ OFE 1.0
x 104 MPa ! ZHlVW 72 EFAIC X ) BEE I N

Expansion coefficients due to the precipitations were estimated from the density differences
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between matrix and mixtures. The density values of ferrite, CrN and AIN were set to 7,870, 6,100 and
3,260 kg/m?, respectively, from the literature (Keller, 1969), for calculating the density of mixture by
equation (7).
Pritic X 2[RRI, = U v 7 R LEAYDEE» OHEEI NIz, 72T 14 F,
CiN, AIN OFEMEIE, B (Keller, 1969) 1CHO%, ZhZh 7,870, 6,100, 3,260
kgm?ICEGE L7z, EEMOEREILX (7)) ZHWTEHRL %,

4.2 Distribution changes of nitrogen concentration, stress and
strains

Mailédnder (1936) measured length and diameter changes in the nitrided cylinders with ten different
diameters from 4 to 24 mm, and averaged residual stresses in the layer from the surface to 0.3 mm in
depth and the core in these without the 4 and 5 mm diameters. As for only the 16 mm diameter cylinder,
its stress distribution was described.

Maildnder (1936) (%, 4mm 75 24 mm £ T 10 FEH O R 2 EEEZH T 5 M
AL, SRR OR S 3 X OEROZ(LOHIEE, B X UK S 0.3 mm O
KT ECTOFICE T RIS 2 P L TR L7, FRpC, FED 2 7EO RIS
71 (Amm BXESmm EFRZRS) ZHEELCORLZ, 16 mm DERZHF T 5 M
LDV TE, XD ORI HE T T35,

Here simulated results of the 6 and 16 mm cylinder are shown as examples for identifying the
influence of different diameters, although simulation was applied to the cylinders with 10 different
diameters. The effects of the different diameters on the distortions and residual stresses are summarised
in the next section.

TIZTl, EROEVICEEELREST 2729, 6mm & 16mm ODMFED Y I 2
L—va VEERERT, &b, v Ial—va Vit 10 EEORL ZEEE RO ME
ICEA I N TW 2, EEDEWRWH A LIKRICTICE 2 2 8O Tld, ROH
ICEHI LT 5.

Simulated distribution changes of nitrogen concentration in matrix, CrN and AIN in only the 16
mm diameter cylinder are shown in Figure 3, since these in the 6 mm diameter cylinder have almost
the same shapes as the 16 mm. The depth of the diffusion layer after 96 h can be estimated as 0.65
mm, which corresponds to the reported experimental value (Maildnder, 1936), based on the simulated
concentration distributions.

3121, 1emm FEMEOKME BT 2~ Y v 7 X, CIN, 3 X AIN D%
RIREAHOZACE RS, 5k, 6mm EOMHEICH T 201k lemm D Zn L (g
IXFECIEIRE 72 5. 96 WEIRDILBUER XX, ¥ I 2L —va VICX2REDMIC
FEO\WT 0.65 mm & HEE 7223, T4 Mailander (1936) 238 L 7= FEBRfE & —
HLTw3,
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Figure 3 Distribution changes of simulated nitrogen concentration near surface, (a) matrix (b) CrN
(c) AIN
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Figure 4 includes simulated distributions of axial residual stress in the 6 and 16 mm diameter
cylinders after 96 h in the direction from the surface to the centre. The distributions become flat in the
core of cylinder. The peak of the compressive stress moves from the surface to the inside during the
process, however these shape changes are not depicted here.

M 41ciE, 6 mmIB LT 16 mm DEEZHT 2 MEEICE T 5 96 Kl Ol 77 5%
BISH oot (Eil» o Oim~) DY Ial—va VEERAWRINTNE, 20
DA ROE I FEL L T3, BT O v — 2713 7 vk AR D
SNEA~BE T 223, ZOBROZICOVTIZZ 2 TRARIN TR,

The stepwise distribution of residual stress in the 16 mm diameter, measured by Mailidnder (1936),
is shown in Figure 4, which was estimated from the length changes after the 0.6 and 1.2 mm reductions
in diameter during the measurement. Discrepancies between the simulated and measured stress
distributions can be seen especially near the surface.

X 41213, Mailinder (1936) i< & > CTHIE & N7z 16 mm FEFIHE T O ICH DFE
BRI AR EN T %, Zonfiid, HEFICEEE 0.6 mm & X O 1.2 mm KD
I BORITrOHEEEI NS, v IaL—va v EEINZISTOMIE, &
AT CHRIC Z DREDBHE ICBISR I N 5.

Other simulated and measured residual stress distributions are included in Figure 4 for references.
Qettel’s results were derived from the nitrided FeAlC alloy with 0.6%Al and 0.15%C, 590 °C, for 36
h (Kolozsvary, 2002). Simulated and measured distributions in the En 40B specimens, plasma nitrided
at 560 °C for 10 h (Buchhagen and Bell, 1996) and measured results in the SACM645 and SKD61
steels nitrided at 520 °C for 60 h (Suzuki and Naito, 1995) are also shown. The latest results in Figure

4 depict that the residual stress distributions after long term nitriding show their maximum
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compressive stress point are at inside.

4121, BEO-DICDY I 2L —va v LHIEDLLELNEEIGH AR
BEFNTWD, Qettel DIERIT, 0.6%A1 L 0.15%C % E&BE(L Fe-Al-C &4
(590 °C, 36 Iifl) THIEH L 72 (Kolozsvary, 2002). X & i En 40B ikl % 560 °C T
10 K] 7 7 A~ L 728560 T 2L —v a2 v L HERE (Buchhagen and
Bell, 1996), % L T SACM645 & SKD61 #fi] % 520 °C T 60 Kifi] 2 {LALIR L 72356 o M
TERER (Suzuki and Naito, 1995) dRINT W3, M4 1T 2 HEEDOHEIL, K
ZBOEAIC AT, RREMICHOREHRPNIBICHFEET xR LT

W3,

Figure 4 Distributions of axial residual stresses near surface
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Simulated axial, circumferential, and radial components of strains after nitriding in the 6 and 16
mm diameter cylinders are expressed in Figures 5 and 6, respectively. The equilibrium of elastic, phase
transformation, transformation plastic, creep and total strains, described by equation (3), is achieved

as shown in these figures.

5BXUM6 I, 2 ZNENHEHEZED 6mm B L O 16mm ZROMFICE T 3
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W7 e, FETE, 3 X OCRESTAO VT ROEI2RINTHS, 25 DT,
KQ)VWRE T 2O 4, HEROT A, RRERBLEOT R, 7 ) —-70F 4, B
VRV T AOFHEAHERTE 5.

Figure 5 Simulated strain distributions after nitriding in the 6 mm diameter cylinder, (a) axial

(b) circumferential (c) radial
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Figure 6 Simulated strain distributions after nitriding in the 16 mm diameter cylinder, (a) axial

(b) circumferential (c) radial
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The diameter increase corresponds to the radial total strain, which is affected by the elastic and

creep strains in the diffusion layer. Figures 5 and 6 show that the depth of diffusion layer is about 0.65
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mm in both the cylinders. On the other hand, the averaged total strains are about 0.0205 and 0.023 in
the diffusion layer of the 6 and 16 mm diameter cylinders, respectively. Therefore, the radius increase
in the 6 mm diameter cylinders is estimated as 0.013 mm, which the diffusion layer, 0.65 mm, times
the averaged total strain, 0.0205. In the same way, the radius increase in the 16 mm diameter cylinders
is obtained as 0.015 mm. The double of these correspond to the diameter increases. Therefore, it can
be found out the diameter increase of the 6 mm diameter cylinder is smaller than the 16 mm. The
diameter increase is likely to be affected by the elastic and creep strains in the stressed diffusion layer.
EEDHME, TREUEICE T 2 V0T AL 2 Y —TOFTLOBELZT 5LE
FAEOTHOEENCNIET 2. B 5 &K 6 225, MFEOILEE DS 134 0.65
mm CTH% I LAbrs. —J7, 6mm & 16mm FOMHEOILEVEIC BT 2 P20
THE, ZNZNH0.0205 &£ 0.023 TH 2. L7HoT, 6mmEOMIEICET 5
WML, JEEJEDEE 0.65 mm ISRV 4 0.0205 ZF L 72ETH 5 0.013
mm EHEEIND. FEMROFEICX Y, 16 mm FEOMIEICE T 2 EEOHMNIL 0.015
mm & 725, ZHHDMED 2 ERELDIMICHIGT 5. Lz2i>7T, 6 mm B
DERZDOEMEIL 16 mm FOMHEL Y /NI W &b 5. BRI, 6T
TICHPEEEOMEOT HE 7 ) — T OT AOEEEZIT 5 AR E W EF X
b5,

On the other hand, the axial total strain corresponds to the relative length change, which is
affected mainly by the elastic and creep strains in the core of stressed cylinder. Figure 7 is created to
examine differences of the axial strains in between the 6 and 16 mm diameter cylinders. Axial total
strains of the 6 and 16 mm diameters cylinders can be identified as about 0.0015 and 0.0004,
respectively, which correspond to the simulated relative length changes. The result depicts the 6 mm
diameter cylinder is elongated more than the 16 mm, which may be induced by the greater elastic and
creep strains in the tensile stressed core of the cylinders.

—77, WTH OV T HITR T N A CIE L, IS T ok 2 7
KBTI 2HEOTAL 7Y —TOTARC X > THEEZTS. K71, 6mm & 16
mm [EREDO DI BT 285D 0T ADENZ TR 2 72 DI/ S 1172, 6 mm
Y 16 mm EEDMEEQHT A 2iE, 2L 4f) 0.0015 & 0.0004 & FFETE,
Ihidyiab—ra Vit I3 ARTOELICHIEL T3, ORI, 6
mm DERZZHT 5MES 16 mm OFFEL Y bRL I ZRLTEHEY, T
NICFFRICNT 22 F 2HEO a TEHICE T 2HE0 TR E 7 ) =T OFT ARHFE
LTw2bDLRARIN5,
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Figure 7 Simulated axial strain distributions after nitriding in the 6 and 16 mm diameter cylinders
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Simulated results show that the above patterns of strain and stress distributions are established
after 12 h, however the information is not depicted here. The mechanism of the establishment in the
transient state can be explained using simulated stress and strain distributions, and also applying the
strategies based on equation (3), as described in the above.

vial—vavifRicksl, EROVTREISTONFHA L — i 12 B
ICHEN. T %28, ZO@BEMOERIZC S TIRAEKL TV 2, WEREICENTH, Z
DANZALFYIab—vavhrofBoni) L O F Ao % v CatiHT
%, ZoRICE B L 20 L FERRICAQ)ICHED g 2@ 2 2 Lic7x 5.

4.3 Effects of different diameters on distortion and residual stress
Simulated length and diameter changes, and averaged residual stresses in nitrided cylinders, are shown
in Figures 8 and 9, respectively, with measured results (Maildnder 1936). Measured residual stresses
in the surface layer and the core are corresponded to the values in the ranges from the surface to 0.3
mm in depth and from 0.6 mm in depth to the centre based on the stepwise distribution as shown in
Figure 4. On the other hand, the simulated stress in the surface layer is averaged in its compressive
range near the surface by the equation:
S EINZEDOY T aL—v a vh LB ORI BIVEROZNL, b
L ORMEF & GHIc BT 2 FIRBICN X, ZhZnM 8 3 LUK 9 IRInTH
D, THOIFHERR (Mailinder 1936) LxflbI T2, FKifE & LE O HIEL
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HIsiz, 4 IR TREBAIR DO ARIC BT 3R M2 S 0.3 mm DFEX T TOHIPH &,
0.6 mm DFEIX 2 LHFL T TOHFFICHIGT 2fHE —HL T3, —F, RaEor
Ialb—vaVviehix, REMEOEMmERICE T, K

o,= J.:p 2rnrodr / Lrp 27rdr (10)

where 7, and 7, are the radii at the surface and the changing point from compressive to tensile stresses,
respectively. The average of the simulated core stress is derived from the value at the centre.
KXo TIRoNPEETH 2. TZiTr & E, ZNENEKES X CEHIS T 28
FIBRISHICENT 2 HTOREFEEERT. v 12l —va vk b aTn1o il
g, HOIC BT A EZEA L 7.

Figure 8 Relation between dimension changes and diameters of cylinders
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Figure 8 includes the curve of the simulated axial elastic strain in the core, based on the same
ordinate for the relative length change, %, which increases in the smaller diameter cylinders. This tend
corresponds to the axial residual stress in the core as shown in Figure 9. On the other hand, the
simulated axial creep strain in the core, based on the same ordinate for the relative length change, %,
appears clearly in smaller diameter cylinders as shown in Figure 8. Theses elastic and creep strains in
the core affect mainly to the axial total strain, which corresponds to the relative length change, as

described in Figure 7. Therefore, the trend of the relative length change is explained from the curves
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of the axial elastic and creep strains as shown in Figure 8.

X 8 1%, Mt R X DZLE, %, TH 328, =27 Off7 s ORI
5 AR FERRICOR ST 5. T OfEIE, ERED/NI W TS 2 M %78 LT
W3, ZofEmIX, K9ICRING 2T O AEREICIICIGL T, —7F, [
umﬁﬁé®§mi‘%,%m% LT a7 ofilifim 2 ) — 703 il
M 8 IC/RT & 9 IC, [ERD/NE W CHAfEICHIR T 5. Cﬂ%@:7W®ﬁﬁU?
Hery— 70?&i B 7 CREAL 72 X 5 i, MR X oZ Ikt 3 2 /7 m o
BOTAHRICHFE LTS, LT, HIEIOZ(LoERICOWTIE, X8 IR
TEAROWEONTAE 7 ) =7 O T HOIMFRIC K > CTHIAT 2 2 & 23T 3,

Simulated dimension changes and residual stress shown in Figures 8 and 9, respectively, have

similar trends to the measured one. However, these figures show larger discrepancies of the relative

length change and residual stresses, especially in the smaller diameter cylinders. These may be derived

by insufficient accuracies of the models and data for creep phenomena, which affect the production of

the total strain in the cylinders. By the same way, limited information on the transformation plasticity

due to nitride precipitations was used in this work.
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NHNERR UL MM & 22 2 L 2R L Tw 5, 7272 L, FIHEDVMEICR 2 L,

RO RZC L ERBIGHICE T 2MEOREENS L O KEL RS, 2hicid, 7
U~7ﬁ%m%?5%%wa%—&@%#éﬁ,HEW@EU#&@f 2&%&
WEL TR AREERE 2 b s, [FkIC, AREFFE i, EePfrtic X ki

B9 2 A IRENTH - 7z

Figure 9 Relation between residual stresses and diameters of cylinders
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5 Conclusions

Simulation based on the finite element method was applied to the distortion and residual stress
phenomena in nitrided alloy steel cylinders with different diameters. Obtained results from this study
are summarised as follows:
AREREICE Sy IaL—vavy, BR2ERYHET2EMEEMIIMEIC
B 200 H B X OEREICH ORAEBIRICGEH X Wiz, RifFFE o b nzfERiE, M
ToXSEETND -
. Simulation based on the finite element method can predict the distortion and residual stresses
in the nitrided steel cylinders, although few materials characteristic data on the process have been
reported.
AREHFEFICEIC vy Tar—va Vi, ECAHE I NMRMHEO W B L EH
G ZTFHET 2 EBARETH B, 272 L, DT RERICET ZMEMHET — &1k
BEAEIMEINL TR,
. Effects of different diameters on the distortion and residual stresses have been successfully
explained by examining the simulated strain and stress distributions in the cylinders.
MEDEREDE WAL LIRBICHICHEZ 258 1E, Y IalL—vavicks0
TR LIS DDA ERSNT 5 Z Lic ko THIAI NI,
. Creep phenomena may relate the distortion in specimens under higher stress generations
locally during nitriding.
7 ) —7HERIE, E(CLFRPICERI XD EICHIREBIC T 5 T 2 RO /AT 78
W A3 B B L T 2 W REMED B 5.
Fruits of this research will be applied finally to the distortion problems in practical gas nitrided parts
after enhancing the tool by additional experiments and validations.
MUSIMAP (Multi-physics/phase/component simulation tool for manufacturing chains and life cycles
of parts) was used for the simulation works in this study.
RIFFR DR, Y — D5 D FhR & 2 BRI X o TR Izt FEHNZR
T AECER G DWW A A REICRARMNIGE S B 2 Ltk s, AIEDY I 2L —
va VBRI, EMOBE TR L FMY A I NMICNT 2T 7 4 ¥y 7 R/
%5y L al—va vy =D MUSIMAP 23 & 7z,
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