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Practical Model to Predict Diffusion Layer’s Hardness Profile in

Gas Nitrided Low Alloy Steel Containing Chromium
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A model to predict the diffusion layer’s hardness profile in gas—nitrided low alloy steels such as JIS-SCM435, DIN-
31CrMoV9 and JIS-SACM645 was successfully developed taking into account the following considerations. The diffusion of dis-
solved nitrogen in the surface boundary was given as the nitrogen flux, which can be determined by either the nitriding potential
or thermo—equilibrium between o—Fe and y —nitride after the formation of the compound layer. The kinetics of CrN and AIN
precipitations was characterized as the Kp concerned with nucleation and diffusion of Cr or Al and the parabolic rate constant x
concerned with the growth of disc-shaped CrN and AIN. Ky was defined as a proportional constant between the increase in hard-
ness and the nitrogen concentration. Kp and the solubility product K¢y for CrN were fitted well using the numerical model and the
hardness profiles. Ky was experimentally determined by using the hardness and nitrogen concentration in the diffusion layer.
Then, the numerical results showed good agreement with the experimental ones. In SACM645especially, a more accurate calcula-

tion was demonstrated taking into account immobile excess nitrogen in the CrN and AIN.
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Table 1 Nitrogen concentration in the steel’s surface calculat-
ed by CALPHAD method for the nitriding conditions in the tar-
get of calculations (Table 3).

Temperature I;(l)?elg,l[&% Ceq (mass?s)
T/K Ky/atm-12  SCM435  SACM645  31CrMoV9
853 1.2 8.05 8.52 8.44
813 3.0 8.87 9.31 9.26
773 45 9.10 9.54 9.50
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Nitriding conditions(T, t,, Ky)

Procedure (1)

[ [Input data] Steel type(Cr% and Al%),

J

Presence of No
compound laye \l[

Yes [Calculating Jyin eq. (2) ]

<t

[ C=Cyo(=eq. (4)) . ]

[Calculating Cy in diffusion layer by eq. (1) ]

Procedure (2)

(g) sinoy

*Me=Cr, Al

Calculating V,,

[ Calculating V,/ V., (=A) ]

*Vrp:total amount of MeN
previously precipitated

(v) anoy

[ Calculating t as X(x,t)=A in eq. (13) ]

|

[Calculatlng new X(x,t) as t=t+At in eq. (13) ]

l

l——{ Calculating residual N and Me in solution ](—

Next step of discretized time

Fig. 1 Flow chart showing the calculation of nitrogen concen-
tration—depth profile in diffusion layer of specimen.
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Table 2 The chemical compositions of test steels (mass%).

Steels C Si Mn Cu Ni Cr Mo \4 Al
SCM435 036 0.21 0.79 0.14 0.07 1.14 0.15
SACM645 0.44 0.29 0.28 0.18 0.12 143 0.15 0.97
31CrMoV9  0.32 0.25 0.61 0.23 0.09 2.28 0.19 0.1 —

Table 3 The gas—nitriding conditions in the present study.

Temperature Time Nitriding Potential
T/K t/ks Ky/atm~1/2
853 3.6,7.2,12.6, 18 1.2
813 7.2, 18, 36, 72 3.0
773 18, 36, 72, 144 45

% 7£(2016)

80 %

THLO0, ThNOT7 7 AVOFRICOWTE, K
FEELFHITETHRWY. LIch>T, Kp DADEE TR
EREAREER S FRITS 2 L3 TE.

T, Ken ODEBIZHO>WT, Kp=Kps &L, Ken %
Ko & Koma (=10 X Ken) O 2 KHET, Rix 5 4 KEDE
LRI R+ A3 B R % Fig. 4 107”7, Ken 2 K& T
LS HMORAELPHEPIT/NELebH. 2FD, Kon
ZCINHTHEICHE L, Fig. 4 IRt XIS MmOs
BAZEL SR B DO, FEALRFRITK 3 5 AR OKRAF
PEISHT R ICBAGR T A Kp L HEANB D T/hI V. 6
2, 2D 220D/8F A =2DOEEHRICOWT, Fig. 5125t
Bk RATR . Fig. 513, Keme (=Ko X 10) & Kpy(=Kp,
xX10) & W/ BEDFFEERTH D, Kena & Kpy O
Tt /o Fig. 3 L Hig L, X0 EREICT VEHFERS R
HEOENAH. Thid, Fig. 3DBR LN, Kon T
5T ETCNMHEZHIRL, Kp O¥INC & - THH#E
DK B EnG, EREHEAE N 7.2ks THRMAE S
DWRPEON. £, KEREAO 72ks ICH5WVTE, B

DORLB NS b T &5 Fig. 3DOFBR LD LE

1000 |

I Kp
O Epz !

Z r \\ ------ P3
& 6001 o mesured [
2 i |
; 400} Kp1<Kpy<Kps |
m L <
200} .

0

L | L | " 1 L | N
0 0.2 04 0.6 0.8 1
Distance from the surface, d/mm
Fig. 2 Influence of the Kp in equation (13) on the estimated

hardness profile in the 31CrMoV9 gas—nitrided at 813 K for 36
ks. Open plots indicate experimental data.®
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Fig. 3 Estimated hardness profiles of the 31CrMoV9 gas—

nitrided at 813 K applying Kp, and Kcni. Open plots indicate
experimental data.?
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Fig. 4 Effect of the parameter K¢,y on the estimated hardness
profiles of the 31CrMoV9 gas—nitrided at 813 K.
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Fig. 5 Multiple effect of the parameters K¢,y and Kp on the

estimated hardness profiles of the 31CrMoV9 gas—nitrided at
813 K.
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Table 4 The parameters of Kp and K¢ for each nitriding condition.

Nitriding SCM435 SACM645 31CrMoV9
temperature
T/K Kp/CrN Ken Kp/CrN Kp/AIN Ken Kp/CrN Ken
853 7.0E-05 5.2.E-03 7.0.E—-05 2.0E-07 5.2.E-03 1.3. E-04 7.0.E-03
813 7.0.E-05 7.3. E—-03 7.0.E—-05 2.0E-07 7.3.E—-03 1.7.E-04 8.5.E—03
773 5.0.E—-05 9.0.E-03 5.0.E—-05 4.0.E-07 9.0.E-03 29.E-04 1.5.E-02




264 H & & J8 % £ 3£(2016) 580 &
1200 1200 T 1 1200
(@) —o—18ks (b) —e—7.2ks (c) —o—3.6ks
1000 —2—36ks H 1000 —a—]8ks H 1000} —a—72ks H
[ —0—72ks | o> 3 —8—36ks Effe ——12.6ks
g 800 —v—144ks = 30 ——72ks % S0 ——18ks |1
S 600 NETw®... |t -Calculated 4 g 600 Bm. 0 |- -Calculated 2 600F., |- -Calculated H
L > E
& 400 LT 400
200+ B 2000 B
0 L L L L 0 1 I L 1 0 1 1 L L R
R 0.2 0.4 0.6 0.8 0 02 0.4 0.6 0.8 1 0 02 04 0.6 0.8 1
Distance from the surface, d/mm Distance from the surface, d/mm Distance from the surface, 4/mm
1200 T
——18ks (e) —e—7.2ks —o—3.6ks
—=—36ks ] 1000p ——18ks B —=—7.2ks
> —o—T72ks s —a—36ks B —o—12.6ks E
% ——144ks || g 800 ——72ks g —o—18ks
S so0f AAE N | Calculated 5 6000\ \N\YV Ry, [ Calculated|] & 6006V, |- <Calculated 1
= 2 400 T=813K 1 T=853K ]
? 200F E o
0 L L L L 0 L L L L 0 L 1 L L
0 0.2 04 0.6 08 1 0 0.2 04 0.6 0.8 1 ] 02 0.4 0.6 08 1
Distance from the surface, d/mm Distance from the surface, d/mm Distance from the surface, d/mm
1200 T T 1200 T 1200—;
(g —o—18ks (h) ——7.2ks 1) ——3.6ks
1000 ——36ks H 1000} —a—18ks 1000 —a—7 2ks
> —a—72ks o —a—36ks > E —a—12.6ks
§ 800 ——l44ks ] § s0op g ——T72ks § 800 ——18ks
S 600F RAN N, | <Calculated | & 600F N NN\, [ -Calcuted S 600FRE, 000 |t -Calculated
ot L T=813K b
£ 400 ,Emof 1 & 400 5 e ,
2000 9 200F N 200F B
0 1 L 1 1 0 1 L 1 L 0 1 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 02 04 0.6 0.8 1

Distance from the surface, d/mm

Distance from the surface, 4/mm

Distance from the surface, o/mm

Fig. 6 Estimated hardness profiles in the diffusion layer of (a)—(c) SCM435, (d)-(f) SACM645 and (g)—(i) 31CrMoV9. Open

plots indicate experimental data.®

Table 5 Estimated contents of nitrogen bonded as SisN, 23,
Mn;N, 19, CrN 19, Mo,N 24, VN 2% and AIN.19

Steels SisN;,  MnsN, CrN Mo,N VN AIN
SCM435 0.14 0.13 0.31 0.01 — —
SACM645 0.19 0.05 0.39 0.01 — 0.50
31CrMoV9 0.17 0.10 0.61 0.01 0.03 —
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Table 6 Nitrogen concentration at the 0.05 mm in depth of the
steels gas—nitrided® and the estimated contents of nitrogen.

Nitrogen concentration (mass%)

Nitriding
Steels
temperature 773/K 813/K 853/K
measured 0.31 0.41 0.46
SCM435
calculated 0.36 0.38 0.40
measured 1.02 1.13 1.07
SACM645
calculated 0.94 0.96 0.98
measured 0.59 0.70 0.71
31CrMoV9
calculated 0.67 0.69 0.71
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Fig. 7 Estimated hardness profiles considering excess nitro-
gen (CrNj;+AIN;;) in the diffusion layer of the 31CrMoV9
nitrided at 813 K. Open plots indicate experimental data.?
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Fig. 8 The calculated volume fraction (a) and chromium content (b) in the phases of 31CrMoV9 steel at 773 K as the increase of

nitrogen content.
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Open plots indicate experimental data.
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