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Abstract: By the use of computational simulation techniques for nitriding processes, diffusion and
nitride precipitation phenomena in compound layers and diffusion zones have been predicted in low
alloy steels, Fe-Cr alloys, and so on. They have been also applied to examining formations of the
expanded austenite in nitrided austenitic stainless steels. However, the application of the simulation
approach was so far limited to the one-dimensional problems along the depth direction in simple shape

specimens, since it is built on the finite difference method. In order to innovate the simulation, the



software tool based on the finite element method has been expanded for studying on arbitrary-shaped
parts by using the latest models for nitriding. The tool, having the function to analyse stress and strain,
contributes not only to resolving various practical problems but also to explaining the unsettled
mechanisms of distortion and residual stress generations caused by nitriding. Furthermore, the models
are also expected to be enhanced by considering stress and strain effects precisely. In this paper, some
verification and validation examples on distortions and residual stresses relating to the expanded
austenite formation in nitrided austenite stainless steels are described after clarifying the theory and
implementation of the expanded simulation tool.
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1 Introduction

Nitriding is conventionally applied to high precision parts because it gives rise to comparatively small
distortions. In order to optimise the processes, many studies on its phenomena have been performed
over the years mainly by experiments. So far, the simulation technique has been applied to low alloy
steels (Sun and Bell, 1997), Fe-Cr alloys (Schacherl et al., 2004), and so on, for examining growth of
compound layers and precipitation of nitrides in diffusion zones. Moreover, expanded austenite
formations in nitrided austenite stainless steel have been simulated for studying its growth mechanism
(Christiansen et al., 2006). On the other hand, examples of the simulation for distortions and residual
stresses after nitriding were very few (Daves and Fischer, 1994; Kolozsvary, 2002).
EACIHIZ, DB 03D 72720, @RS ISR bR CE I T &
7o, Tuv R gal{td 5720, BF, FICERZELC CZOHRICEAT 5% < Off
THRfTbNTEZ, ZhF T, KALM (SunandBell, 1997), Fe-Cr £+ (Schacherl
etal, 2004) 7% LiCH VT, ILEEHIRIC 31 2{LAYE ORERCE (Yot 2R
T2, YIab—vavERBSEHINTE . Ioic, B I N4 —
ATFAPRRAT VL AT BT BIRRA — AT F A4 P DERD, XOMEA =
AL "W T 272010 I 2L —va v DEEX 7z (Christiansen et al., 2006). —
77, BB DO WA L FREIC T DY 2 2L —v g YHli3d T 7 v (Daves and
Fischer, 1994; Kolozsvary, 2002).

Since the above simulations were performed based on the finite difference method on the nitrogen
diffusion accompanying the precipitation of nitrides, their uses were limited to one-dimensional
problems along the depth direction in simple shape specimens. For extending applications to arbitrary-
shaped parts based on the finite element method, MUSIMAP, the multi-physical simulation tool for
manufacturing chains and life cycles of parts, has been expanded in our research by using the latest

models for nitriding. This tool makes it possible to predict not only nitrogen concentrations and nitride



amounts but also residual stresses and distortions, and then it contributes to solve various practical
problems and explain the mechanism of the nitriding phenomena. Also, MUSIMAP will serve as a
platform for developing enhanced models with stress and strain dependencies, additional analysis
functions for the multi-component diffusion, etc. in the course of nitriding processes.
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In this paper, the theory of this simulation tool and also its implementation by the finite element
method are clarified. Furthermore, simulated results on expanded austenite generations, distortions,
and residual stresses in nitrided austenite stainless steels are described for clarifying some functions
of this tool.

KX T, Zoviab—vavy—roMiHs X UOHEREREICLEZDHE
BICOWTHIHT 2, 61, 2OV —LOEREO—HZHL 2T 5720, E{LAL
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B, BXOBEGHOY IaLr—vaviERiconwcihrz,

2 Theory of nitriding simulation

2.1 Diffusion equation

Nitrogen diffusion phenomena accompanying nitride precipitations in steels can be expressed by the

partial differential equation on the nitrogen concentration C (Crank, 1975):
b o ALY & £ S ERIEEEIR L, FHRIRE C 1ICBIT 2R /T (Crank,
1975) :
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where D is the diffusion coefficient of nitrogen. The coefficient generally depends on kinds of phase

produced, temperature and nitrogen concentration during nitriding. The term 6C?/0¢ in equation (1) is



the concentration change rate of nitrogen absorbed from matrix by nitride precipitations per unit
volume, which will be derived from precipitation models described in the following section.
Lo TRI LA TEL. DIFERDIBERTH Y, —fiic E{LL I AR X
naHOME, WE, BIUOEREBEICKET 2. X)iIcsT2H ocr/or 1%, E1t
Yofrtick o T= Y v 7 20 WININZERICNT 2 REDLEAKTH Y,
HAAERY 720 OfETH 5. TOfEiE, UT o cHlT srtieT 08 ah
5.
A boundary condition is expressed by the equation regarding the surface flux J; (Rozendaal et al.,
1983; Grabke, 1994):
B E, RmmE J, B89 %3 (Rozendaal &, 1983; Grabke, 1994) :

J.=p.(c,-C) (2)

where fc is referred to as the mass transfer or reaction rate coefficient, and Cy is nitrogen concentration
in steels in equilibrium with the gas atmosphere. C; represents actual nitrogen concentration at the
surface of the parts.
TRIND. ZI7T, fc IVEBEREE 72 13 OCHERE L WEITh, C 137 RS
S & FREPRRBIC B 2 P O ERIRE 2R T, C ZEMDORIIC I T 2 KEEDOER
IR 2R

2.2  Model for nitride precipitation

Nitriding simulation uses the model that expresses the nitride precipitation in a diffusion zone. The
chemical reaction generating nitride MN,, is described as follows:
ey Iar—vavTld, BEGERICET 2E o2 RET 22T L%
M3 5. ZUY MN, 2 LK LS, LE:

xM+yN 2 M N, (3)

where M and N are a specific element and nitrogen in steels, respectively, while x and y represent
stoichiometric coefficients. The equilibrium of the above reaction can be expressed by using the
product (Pearson and Ende, 1953):
TRtk &Nz, 221, M & NEZzhZnfiltofREDTTHRLEHR, ZLTx Ly
LA B R R T, LR RICD X, 5 (Pearson and Ende, 1953) :

Ky, =[M][N] (4)

where [M] and [N] are concentrations corresponding to a specific element M and nitrogen N in steels,

respectively. The product of concentrations in equation (4) is called the solubility product.
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The above model of solubility product was applied to the evaluation of the precipitation
behaviour of nitride VN for studying the strain-ageing (Pearson and Ende, 1953). In more recent years,
the same model was used for simulating the precipitation behaviour of compounds during carburising
of nickel based alloys based on the finite difference method (Bongartz et al., 1989). This approach was
expanded to the studies on the nitride precipitation in diffusion zones (Sun and Bell, 1997; Schacherl
et al., 2004) and also the growth of expanded austenite (Christiansen et al., 2006). The trapping of
nitrogen atoms in the expanded austenite is modelled by using the solubility product, although this is
not a chemical reaction.

LR DORREREE T VL, E{tY) VN O 0T A EFR) (Pearson and Ende, 1953) IZ%
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etal, 1989) ICH Moz, 27 7u—Fik, ILEIHICET 2 E (WO (Sun
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LH#RIE TR D, BRERZHCTET LI TS,

2.3 Distortion and stress/strain

Local volume expansions arise in the region where nitrogen atoms diffuse, and also compound layers
and nitride precipitations are formed. As a result, elastic, plastic and creep deformations are induced
microscopically in nitrided parts. Also, gradual temperature changes in processes produce small
thermal expansions in parts locally. The microscopic distortions are interpreted as strains
macroscopically in continuum mechanics, which are classified into elastic, thermal, plastic, creep,
phase transformation, etc., corresponding to their origins.
LBRITTOIELT 2 tHIIC L AEPE S E OB S h, £ ZICZRATHY
BRRERAE L 5. Z DGR, Z(CUHE I N7 55 DU e s I BT, S
¥, MWL, 7)) —7ERHIFEING., £, T ok AF R RiREEIC
X0, HE DR T TN REEIREL 5. 2o DI R A3 AT,
AN I BT 2=/ uiEBTH 20T AL R n, ZoRIFICIE L T,
B, W, 2V -7, HERLEDOVDTRICHEINS.
At any point in a part during nitriding, total strain ‘e; produced at the time ¢ is defined as the
addition of various strains, as shown:
S P ORE DT E ORI ICE T, Bl 1 BT 220 A & 13, WUF
DY, TEIERVTHOMME LTERIND ¢



E D TR P P C
g, ="'g; +'g; +'e, +'g +'e, +'g; +'s, (5)

E TH D TR P TP c . o -
where 18[]. e ten e e Te” and tgl.j are the elastic, thermal, diffusion,

phase transformation, plastic, transformation plastic and creep strains, respectively. The diffusion
. D . o . . .
strain tgl.j is defined as a term for describing the lattice expansion due to diffused atoms

macroscopically in this study. Equation (5) is based on the assumption that displacements and strains

are infinitesimally small (Arimoto et al., 2006).
zzic, et g gDt R P ’gl.jTP B X Uftgijc X, ZZ v, B 4L

iy, MHERts, B, ZRREYE, BXU027 Y - 00T ATH S, IHOT HIE, AT
FETlE, LR TICX TR E~ 7 nicitd g 2me LTEET 5. K(O)
X, AL OFTABER/NTH 2 &0 IHIIREICHEIWT W3 (Arimoto et al., 2006).
The strains in the right-hand side of equation (5), except the elastic strain, are obtained by time
integration from an initial state to the time t, as follows:
HE)DELD VT A BIEOT 2 2R (3, VIIPRIED S I ¢ £ T ORI
Lk OVRDESITKES -

6 = jo’ ‘¢,dr, K=TH, D, TR, P, TP and C (6)

So far, some researches on nitriding simulation considering creep and transformation plastic strains
were reported (Daves and Fischer, 1994; Kolozsvary, 2002).
IhET, 7V -7 eEERBEOVTAEFEL-EY IaL—v 3 VOIFER
Bl X 1T\ % (Daves and Fischer, 1994; Kolozsvary, 2002).

3 Implementation by finite element method

The finite element method has been developed to numerically solve the partial differential equations
which describe physical phenomena, including the diffusion, heat transfer, stress/strain behaviours
(Bathe, 1996). For example, the method derives the unsteady and nonlinear equilibrium equation in
the matrix and vector notations from the diffusion equation of equation (1) based on the configurations
attime t and t + At:
AREFREE, IEE, BB, 161/ 0T A D2EH) 7 & OYBBIR A3 50 X 7= R
1R % BUER IR 72 I BAF X 7z (Bathe, 1996). Z D, 72& 213,
X (1) OIHGTERXD 5, K ¢ & t+Ar ICBT 2 RWICE ST, f75le <7 b
VR TR I N2 IEEH A DI O P iR



Dt+AtC+tKC=t+AtQ_tF (7)

where D : diffusion capacity matrix, 'K : diffusion matrix, ““*'Q : diffusion flow vector, 'F :
diffusion flow vector equivalent to the element flows, A . concentration rate vector, C
increments of concentration from t to # + At. The effects of the term O0C” / Ot in equation (1), which
relate to nitride precipitations, are included in the diffusion flow vector "' Q.
REWT 5. 2T, D EEAERTY, K IBEATHL CYMQ: IREGR~ 2 v,
'Fo SERFICHY T 2B~ 2 P, VO BEEERS P, Cith b +Al
I COWELENETH L. R)ICH T2 0CT /ot HoRE (GELwbriticEdd 2)
X, EGRNZ PAMNQ It ENT W3,

Regarding heat transfer and stress/strain behaviours, similar equilibrium equations to equation
(7) are adopted, where the forms of matrix and vector correspond to temperature and displacement,
respectively.

BBE LI/ 03 A0ZEE)NcBAL <k, K@) & BUo P2 8HH S n, 1771
ER7 P ADIERIEE N EIIRE & ZALICHIGL Tw 3.,

MUSIMAP simulates nitriding processes as schematically illustrated in Figure 1, by using
diffusion, heat transfer, and stress/strain analysis modules with exchanging mutual information,
including various types of strain, temperature, concentration, stresses, etc. Nitride precipitations and
compound layer growths are predicted based on the current condition of phenomena. By applying the
mixture law, characteristics data concerning diffusion, heat transfer and stress/strain behaviour are
estimated simultaneously based on the predicted volume fractions and also inherent data of each
nitride and phase.

MUSIMAP %, B 1 iCBRicRmansg X5, e B8, XIS H/03 5
T €Y 2 — v zfflatbd, HAICHR (BEO O R, WE, RE, I6h7%Y)
ERBLARLEN T e ROy I aL—va vEEET S, E{Yotrt st
YIE ORI, BHEOBROREICHE ST TFllan s, EEMZERT 2 Z LT,
fREY, AREL, BICICH/OFTAZEHICET 25T — 2 8 Pl S LB R L %
EWE L CHOBEE T — 2 ICE DB CTHRBHCHEE S NS,

Figure 1 System of nitriding simulation
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4 Verification and validation of simulation tool

4.1 Nitrogen concentration in nitrided austenite stainless steels

Christiansen et al. measured and simulated distributions of nitrogen concentration in AISI 316 stainless
steel specimens after gas nitriding at 718 K for 22 h (Christiansen et al., 2006). The measurement of
nitrogen concentration profile was reported only in the case under the nitriding potential Ky = 1.41.
Their simulation was executed by a programme based on the finite difference method incorporating
the solubility product model for describing the trapped nitrogen atoms.
Christiansen > (2006) ¥, 718K T 22 Il 2 LB 2 i L 7z AISI316 2 7 ¥
LA BHC B 2 HRBEMIZMEL, CoBHRIH LTy IalL—vavk
7> 7= (Christiansen et al., 2006). ZEHRRE 7 v 7 7 A LVORERRIL, ELFT v
YV Ky=141 DEEOBMEINTVD., oDy Iab—vavid, HiRER
JRT D7z D IRIREREE T AR L 2 GRENECES S T n 77 aTEiE
7z.
In this study, the experimental and simulated results by Christiansen et al. were used for verifying
and validating some functions of MUSIMARP. The region of the specimen from the surface to 0.04 mm
in depth was modelled by 80 two-dimensional finite elements with the same size. The surface
concentration was assumed to change with time to the equilibrium value as specified by Christiansen
et al. Also the same diffusion coefficient of nitrogen as Christiansen et al. was used for this simulation,
which depends strongly on the nitrogen concentration.
AWFFETIL, Christiansen HI1C X 2 AR L v I 2L —va VEiIRZH W,
MUSIMAP D> { D 7% DHEBEIC D\ T DIRGEL & 2 M VERERE 2 FhiE L 7= skt K 2>
5 0.04 mm OFEX T TOMEIFIL, FI A4 XD 2 XuHREFR B0 fd) tETAl
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e e DI T B EIRELZ. T/, 2DV Iab— 3 T, Christiansen &
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Figure 2 shows simulated distributions of nitrogen concentration by MUSIMAP and Christiansen
et al. under the three stages of nitriding potential Ky, 0.293, 2.49 and oo, as referred to as N1, N2 and
N3, respectively. Also, the measured profile at Ky = 1.41 is depicted. The concentration yy is the
fraction of sites in the interstitial sub-lattice, which are occupied by nitrogen atoms. Our simulated
concentration distributions are specified as the legend symbols, ‘M’ and ‘M + I’, which correspond to
only mobile: ‘M’ and the addition of mobile and immobile: ‘I’ nitrogen atoms, respectively. ‘M + I’
curves correspond to the simulated results by Christiansen et al. Concentration changes of mobile and
immobile nitrogen atoms simulated by MUSIMAP under the N3 condition are depicted in Figure 3
separately for clarifying the generation of their profiles.

20, KT Vo v v Ky 230293, 249, 33X U (ZNZANL, N2, N3 &
i) 0 3BBEDOBAICH L, MUSIMAP & Christiansen © 12 X % SRR D
Tal—vaVviiRERLTws, £/, Ky=141 BT 2HE TR ORI
NTws. RE yyv i, HBTREERTFNICERE 2502594 FOEIGTH 5.
MUSIMAP ¥ I 2 L — 3 ¥ OIRE ARG R ICHEE T Lz MPIRES M & ‘M + I,
ZNZn, BERRE R EHRE T (M) DA &, BB RE & BB ATRE R = T (T)
DEFERT. M+ I OHIFRIT Christiansen H1C X 2 ¥ I 2L — v 3 VHEERIOHIET
5. N3Z&MFTMUSIMAP I X ) & 2 2L —v a v E Bk & BB ER
R DIRELEAL, 77 7 ANVDERERIEICT 5729, K3 TIRBIZITRIIT
W5,

Figure 2 Nitrogen concentration distributions
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Figure 3 Nitrogen concentration changes (a) mobile nitrogen (b) immobile nitrogen
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4.2 Residual stress distributions in nitrided austenite stainless
steel plates

Christiansen and Somers measured residual stress distributions in gas nitrided disks, 13 mm in
diameter and 2 mm in thickness, made from the AISI 316 stainless steel (Christiansen and Somers,
2004). Nitriding was performed at 718K for 22 h under the same conditions of nitriding potentials, as
N1, N2 and N3, specified in the previous section. Stress distributions along the depth direction were
measured by X-ray at the surfaces after removing its layer serially by diamond paste polishing.
Christiansen & Somers %, AISI316 27 ¥ L A2 & 8E X N2 EE 13mm, JEX
2mm D PR D # 2 AR 1< 31T 5 BB IE 15340 % MIE L 7z (Christiansen & Somers,
2004). ZACALERIE, HIEICRE I NAZERT Vv v (NI, N2, N3) LR S
TT, 718K T 22 WfilfTh iz, I TMOIGH ML, XXy, X4 vEVF
N — A MEEIC X o T 2 MERBREA L 72 R 0 TRE S e,
The above nitriding processes were simulated by MUSIMAP for its verifications and validations.
The finite element model was created using 99 elements for the two-dimensional generalised plane
strain problem, which was arranged to the one half of the thickness in the disk. Finer mesh divisions
were set at the region producing the expanded austenite. The temperature of the model was changed
uniformly in a cycle between room temperature and 718 K. The same type of diffusion conditions as
described in the previous section were adopted in this simulation.
FREOENMUIH T 02 2%, £ ORRGE & Z UMD 720 MUSIMAP T 2 a2 L
—Yavank ARERET AL LTL, 2 KoM Fm O3 2RI 3% 99
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LR D 12 E X0t UCRCE & Nz, JRRA — A7 A4 b o34 K3 2 fHisIC
i, X0 A Y v 2 EINERE S NIz, BT LORER, EiRL 718K OfilTo
194 21D~ TH o7z, 2D Ialb—a VT3, FfiTHPLEZDD D
& [RIRR DIRERSEIE 3R & L7z
Although elastic, plastic, and creep phenomena are able to be taken into account during the
simulation, a few material characteristics data of the expanded austenite had been published. In this
simulation, therefore, Young’s modulus and Poisson’s ratio were extracted from ordinary stainless
steel (Date, 1969). The diffusion expansion coefficient of the expanded austenite was set to 0.164
mm/mm/yN based on the lattice constant depending on the site fraction of nitrogen sublattice of AISI
316 at 718 K (Christiansen and Somers, 2006).
B, MM, B2 ) —TEHREFIDOY I 2L —v a VIEBWTEERTH
2, ERA — AT F A P OMBERET — 213 A ERARIN T, Ldo T,
Ylal—Yav TR, YYIRERT Y VIIGER O X T v L 2| Off (Date, 1969)
ICEED W CRE L7z, fEiRA — AT F 4+ OILEZIRIREUL, AISI316 D EHREIE T
F A+ KI5 T4 (Christiansen and Somers, 2006) (CFHED %, 718 K I
B BfEL L T0.164 mm/mm/yN % 7z,

In this simulation, creep phenomena were expressed using the Norton’s equation:
ZDOyIal—vavTiE, 7V —7845% Norton DR :

&< =ko" (8)

where the parameters k and n were set to 2 x 10—18 and 3.05, respectively, under using MPa for the
unit of stress by trial and error. Plastic behaviours during nitriding were not considered in this
modelling, because of the simplicity.
EFHOCERELZ, N7 AXA—% k & n iC20TE, IGHOHALE LT MPa % fiif]
L, dffffic kv zhzn 2x 10" & 3.05 2wk, ZoxT LT, Hifd
LD7=0, ZAUBH OPMEEEIEF S TR,

Figure 4 shows residual stress distributions along the depth direction, which were obtained by
MUSIMAP, with the measured results by Christiansen and Somers. The stress value corresponds to
the component perpendicular to the depth direction. Hypothetical simulated results not considered
with creep effects are included in Figure 4 for reference. Simulated stress distributions with creep
effects show a similar tendency to the measurements by Christiansen and Somers, while higher
compressive stresses are depicted near the surface in the cases without creep. In addition, simulated
total, elastic, diffusion and creep strain distributions after nitriding under the condition N2 and N3 are
shown in Figure 5. It is clear that the distribution of elastic strain, which has a similar tendency to

stress as shown in Figure 4, is expressed by adding diffusion strain and creep strain, based on the

12



equilibrium condition expressed by equation (5), because the total strain is a small horizontal line.
This shows how the residual stress distributions are affected by the diffusion and creep strains.

4 Tl, FEEHMOEEIGTI9AR & LT Christiansen & Somers D RIEfEE &
MUSIMAP I X W 36072 b D &I L T %, JESIEIZEE E J7 st L CHEE 7 ik
DG L T3, K4icid, 7V —TREZEEL 2 {RENZY Iar—vay
DIERESEZEDDICEHEDT0E, 7V —THREFRLZv IaL—va Vb))
5341 1%, Christiansen & Somers D HIERGF & P L 7R Z/RL T3, LAL, 7
V=7 %FRLxEAICE, REMLICELTE ) BOEMCARET S, &6
iZ, B5ITiE, N2 3 X UN3 OL&ET COEWEEBOLVT A, MO 4, ik
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Figure 4 Residual stress distributions
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Figure 5 Strain distributions
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4.3  Plate bending during low-energy implantation with nitrogen

Sienz et al. performed in situ measurements of bending in the stainless steel plate, which was nitrided
by the low-energy implantation with nitrogen from one side of the plate (Sienz et al., 2002). Plate
specimens, 10 x 30 mm? in size and 1 mm in thickness, were prepared from the X5CrNil8.10 stainless
steel, containing 18 mass% Cr and 10 mass% Ni. The radius of curvature due to bending of the plate
was measured during nitriding for 63 min at 673 K and also until 90 min after stopping nitrogen
bombardment. The nitrogen distribution along the depth direction of the specimen was investigated
after nitriding for 63 min.

Sienz 5 (2002) 1%, AT ¥ L AHIRDO—1H2 HEREET AL F — A F ViEAT
pzeicky, ZoRABHCE T 510 @ in situ HIE % EfE L 72 (Sienz et al., 2002).
FUEHZ, 18 mass%® Cr & 10 mass%D Ni Z & T X5CNil8.10 27 ¥ L A2 5, 10
x30mm*DH A XL I mm OFESI TIER I N7z, Wil h offisfFE, 673K T 63
min [A] O Z{LH & X WEFREA Z{E1E1Z 90 min il £ THIE & vz, 20U 63
min £, EIOEXFAICE T BERON & 7.

The above experiment was simulated by MUSIMAP for its verifications and validations. The
hatched two-dimensional region in the plate specimen, 5 mm in length, as shown in Figure 6, was
modelled by 495 generalised plane strain elements, which was created by the 99 and five divisions in
the Y and Z directions, respectively. The surface part of the region, where expanded austenite was
produced, was divided finer by elements in the Y direction. A boundary condition for the nitrogen
diffusion was specified to only the surface, Y=0. The nodes in the model along the Y axis were

restrained in the Z direction because of symmetry.
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BRI, K (Y=0) ICORBEEI N, ETAND Y B - 728D Z /71
PR L, WIS 28 L 7.

Figure 6 Analysing region of plate

The same technique shown in the foregoing sections was used for describing the phenomena of
both the nitrogen diffusion and expanded austenite formation, although the boundary condition of the
implantation was not the same as the gas nitriding. Stress/strain characteristic data was set in the same
way as the previous section, except for the referenced temperature is 673 K and the creep parameter n
is 3.7 that was set by trial and error.

HIEICR L= FiEZHWT, UTCRERILBEINRA — A7 F 14 FEKDOBR
DFFICOWCEIR L 72, &d, EAOEREMFEITRAZLOG AL 3RS, J6h
JOF R T — 2 IXHTHET & FRRICEGE L7223, SIREIX 673K &L, 7 U =7
7 A =2 n FRAITHERIC K Y 3.7 ICRE L 72

Figure 7 represents the simulated distribution changes of nitrogen concentration during the
experiment by MUSIMAP, and the measured results at 63 min by Sienz et al., along the Y axis. A
discrepancy is appeared between simulated and measured profiles, because of few condition data. The
nitrogen concentration at 90 min shows a redistribution induced by stopping nitrogen bombardment.

713, EBHOERREDM OIS TS5 MUSIMAP D I 2L —¥ 3 Vi
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Figure 7 Nitrogen concentration distribution changes
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Bending curvature changes in the specimen simulated by considering with and without creep
effects are compared to experiments as shown in Figure 8. A curvature value can be calculated from
the gradient of a total strain slope as described later. The curvature change considered with creep show
a similar tendency to the experimental result. On the other hand, the curvature without creep is
increased more significantly in absolute value and is kept at the horizontal level after stopping nitrogen

bombardment.
B8 iciE, ¥Ial—vavicsds2 ) —MRoEEOERIC X 2D
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MERS. —7, 70 =7 REFRL 2V, HEcs T X b okE B
L, SHREAREILL 75 b KT L~ L 2T 3.

Figure 9 depicts distribution changes of the normal stress in the Z direction along the Y axis,
which were obtained by considering with creep effects. The compressive stress near the surface is
decreased in absolute value, while the width of its rage is increased as time progresses. Distribution
changes of elastic, diffusion, creep and total strains in the Z direction along the Y axis are plotted as
shown in Figure 10 for explaining the generation of the stress and bending. Strains have to satisfy the
equilibrium condition expressed as equation (5), and also total strain has to keep a linear distribution
during bending as shown in Figure 10 (d), because of long object. A gradient of a total strain slope is
proportional to a curvature of bending based on the geometric consideration.

9%, 7V —T7HIREERL o Y BB o 2 EEICT (Z M) o
DEALZR L T 5. JEMEIG T 1F, RIAFHI CRefEfEE & & b s 383 2 25,
Z OHPHIEIZIEMN ST 2. Y WS o 28O 3 A, IR0 R, 7Y -7 0T R, B
KOV T R (ZT71) SAOZA, I EMTOREX N =X LZHAT 5720
KK 10 IR nTw 3, OF RIEERG) IR T PG 2730 ERH Y, T,
HBEHIRRMMETH 2720, £U0F HFHh2 Y od TR0 % #EFr 3 2 L3508
»25 (H10@ZH). VT AOHRIE, RMFNAZFEICLY, i) oz Hp]
¥ 5.

Figure 9 Simulated stress distribution changes
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Figure 10 Simulated strain distribution changes (a) diffusion (b) elastic (c) creep (d) total
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Distribution changes of elastic strain shown in Figure 10 (b) have a similar tendency to stress
shown in Figure 9. Therefore, the behaviour of stress can be clarified by elastic strain changes, which
are expressed by adding the diffusion strain and creep strain, based on the equilibrium condition
expressed by equation (5), because the total strain is small. The decrease of curvature in absolute value
from 63 to 90 min corresponds to the drop of a total strain gradient as shown in Figure 10 (d). This
can be explained from increasing the width of the negative creep strain region as shown in Figure 10
(c) between 63 and 90 min.

10 (b) ISRT LD T RO DOZALIE, B9 IR L7zt o2t L L 7=
Mz >, LasoT, K 5) PSR IS, oI aL s ) -7
AOMETHOLNLHEOT A (ZNE, ROTAIINIVWZ L TELNE) DZHL
ICX Y, ICHOEHEZHS 2T SR TE L. WROMHENEDKS (63 min 2> 5
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Conclusions

The simulation tool MUSIMAP based on the finite element method has been expanded for analysing

nitriding processes, and applied to the diffusion and stress/strain phenomena in nitrided austenitic

stainless steels for the purpose of its verifications and validations. Obtained results from this research

are summarised as follows:

F T 0w A O 7z D IR S N AREFEHICE Iy Iar—vavy—
/b MUSIMAP 1%, % DRRGEE L Z Y PR D 7z D IC LB P O A — X7 F 4 F R R
7V LRSI BT 2HIEEE LI/ 0T ABRICGEH S . KB TR O L
ReLLFICEIT 5 -
the solubility product model, which was incorporated successfully in the finite difference method
for the diffusion analysis, has come to be available in the software based on the finite element
method
YERAT D 72 0 D RSN R ICH A N T 72 BRI E T V23,
BRERBICH S Y 7 by =27 THRIHAREL 7o 72
the distortion simulation for nitrided complex shaped parts, which has never been achieved by
the finite difference method, has become possible
INFE CHIREMETIRERTE &b o SN X W - MRS 0 W A3
Ay Ialb—va VYRAREIC R o7
phenomena on distortions and residual stresses in nitrided stainless steels have been simulated,
although few material characteristics data on the expanded austenite have been reported
A7 VL RMOENICE T 200 AH LRBICHBERD Y T 2L —va v, i
RA—RATF A4 MCBET 2 MEHRHET — 22813 A HE I LT WwiRILT
ESY g
an approach to explain the origin of distortion and residual stress in nitrided parts was shown by
using the simulate results.
FEHREOORARLERBICT DA =A%y Ialb—v a VR LHAT
57:0DT 7u—F PRI NIz,
MUSIMAP can be used not only for applying to practical problems but also explaining

behaviours of nitriding processes. For example, phenomena which simultaneously arise in the

compound layers and diffusion zones will be simulated with flexible modelling based on the finite

element method.
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MUSIMAP 1%, FEERRBEE~DEHZ Tk, b7 e 2oXdh %z HHT % 7-
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