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ABSTRACT

A Study on Aging Treatment Optimization of
18% N1 Maraging Steel

Kim, Suk-Hyun
Advisor : Prof. Cha, Young-Hoon, Ph. D.
Dept. of Industrial Technology Engineering,

Graduate School of Chosun University

This study aims to optimize the aging condition process in order to improve
mechanical characteristics of ultra high strength 18%Ni maraging steel which is
being highlighted in the fields of the aerospace, nuclear energy and vehicles.

The results of this study are as follows.

1. The solution-treated specimen’s hardness was reduced by about 3 percent
more than the basic material, but the 1-hour aging-treated specimen’s
hardness increased by nearly 60 percent and then, showed almost similar

values after that.

2. It showed the highest tensile strength value of around 1,800MPa for five to
eight hours which was about two times bigger than the basic material’s. On
the other hand, it showed the highest elongation at a low temperature and

for less time, and it was similar to the basic material’s.

3. The more the aging temperature and aging time increased, the more its

fatigue life increased. On the other hand, when applying the aging treatment

_Vi_



for eight hours at a temperature of 510C, the specimen’s fatigue life was

most favorable.

4. When applying the aging treatment for eight hours at a temperature of 48
27T, the specimen which satisfied 250 grade, was created, and it showed the

most excellent mechanical characteristics.

5. When analyzing the effects of the aging temperature and aging time on
response values, and evaluating the significance, significant factors were
derived from each response values. Then, the main effects and interaction’s

impact were analyzed.

6. When analyzing a correlation between factors, the possibility of its
application was verified, by extracting a proper regression equation through
regression analysis and response surface analysis regarding reaction
variables of the aging temperature and aging time and then, a regression
equation and the optimum reaction were achieved, by establishing a
correlation between factors.

When applying the optimum reaction, it was found that it is the most
appropriate condition to apply the aging treatment for 6.5 hours at a

temperature of 482C.
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Table 2.1 Chemical compositions of standard maraging steel

Compositions (wt.%)

Grade

Ni Mo Co Ti Al Nb
18Ni(200) 18 3.3 8.5 0.2 0.1 -
18Ni(250) 18 5.0 8.5 0.4 0.1 -
18Ni(300) 18 5.0 9.0 0.7 0.1 -
18Ni(350) 18 4.2 125 16 0.1 -
18Ni(cast) 17 4.6 10.0 0.3 0.1 -
Co—free 18Ni(200) 185 3.0 - 0.7 0.1 -
Co—free 18Ni(250) 185 3.0 - 14 0.1 -
Co—free 18Ni(300) 185 4.0 - 1.85 0.1 -
Low-Cobalt 18Ni(250)| 185 2.6 2.0 1.2 0.1 0.1
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Table 2.2 Typical mechanical properties of 18%Ni maraging steel by age

hardening
Yield Tensile Elongation |Reduction in
Heat
Grade strength strength in 50mm area
treatment
(MPa) (MPa) (%) (%)
18Ni(200) A 1400 1500 10 60
18Ni(250) A 1700 1810 8 55
18Ni(300) A 2000 2050 7 40
18Ni(350) B 2400 2450 6 25
(A : 815 for 1hr — 480C for 3hr, B : 815C for lhr — 480C for 12hr)
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Table 3.1 Chemical compositions of

manufactured maraging steels

(wt. %)
Materials Ni Co Mo Al Ti
Standard 13.00 3.50 5.00 0.12 0.40
Testing material 13.03 3.42 4.99 0.10 0.41
Table 3.2 Hot rolling mill engineering data
Thickness Width Length Rolling
Pass No Force
(mm) (mm) (mm)

(ton)

1 110.0 122 247 72

2 96.0 125 275 108

3 75.0 132 335 138

4 55.0 139 432 177

5 34.0 150 643 265

6 20.0 160 1,035 322

7 12.0 167 1,651 341

Table 3.3 Mechanical properties of base metals

Yield strength Tensile strength Elongation Young's modulus
(MPa) (MPa) (%) (MPa)
892.16 980.13 21.16 8362.97




Table 3.4 Heat treatment conditions

Age hardening
Solution annealing
condition 1 condition 2 condition 3
Temp. Time Temp. | Time | Temp. | Time | Temp. | Time
() (min) () (hr) () (hr) () (hr)
1 1 1
2 2 2
315 60 455 482 510
4 4 4
3 3 3
100
30 , , 30
| Ro, |
e &/
(D %
o TN
25 6
32
40

Fig. 3.1 Rectangular tensile test specimen, sub-size
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Fig. 3.2 Standard compact-tension (CT) specimen for fatigue crack

growth rate testing



32 49 Uy

Table 35% A& ol AF&HE 48%KNOset 529%NaNO3; @& gk JAAE
Ve 9lom Fig 338 dAes =gHoz Aee dxg AwD e
ol =3 Fig. 343 2 7oA 200 grade 18%Ni wlZojo]A7Fe] 7o <&k
& HAE WFEES Ay fsted A&3 dEuE R oolE HUhshr] $fshe
93 A & YE
2 3} 10&, crosshead speed 3.5mm/min® oA 2z} 3704 433

F guegon W25y 2 $ERYAFE Pole] Agow

e

u
An)
ne
flo
iy
i)
‘3‘.}'_,
i)

Photo. 3.1 ¥ ZA| el ARRSE 77124 H &% 10ton®] A7]5H2 MR
ZA1E 7] (SHIMADZU, SURVOPULSER)ZX4 A/D, D/A ®¥37]& UAg #HiFH
o 93] slFS A W Aol EE wHojgon A ojurA L close-loopd Aol 7T
£ ol g3t dAAstE B FAR AEEHe 2o 2sE dEEY ¢
A/D M7 E Fsto] 3t YEetd x5 AEHHor HAYstHE 1A
Aol Zhsek 717lolw, HE2dd AaAEL ASTM standard E647-88¢] F
of &#ake] AAstA T

o
o
i

I
do,

o2l
w
=

2 SA42 AR A AgAelAE AFrste] =¥ VTR E SASALS
W, o] Welet sk ERYH HEHo|ALE Foto] bk WRlE o83k
o A2Yggoe] SAe AYs HEZY Sl WAlE 12bit A/DEEVY Eallse
agstd A A e] SFAHAEETE oF 0.000lmm A Ee|H, olE AZHLol=
kst 0.0Imm A X7F Avk webd A[FE EEe AR shaAlo], Aol
=4 9 dlelH A2 go] XF ZRIFE Fojgle] Asor FHEIY] wid

4 (3-De ZzawelA veagdels pahis 4% e gt



o] 7] A,

Temperature (°C)

815

510

482 —

455 —

a = WX{C0+ (C1><U1)+ (C2><U2)

(3-1)

+ (CxU?) + (CxU") + (CxU") }

lhr

lhr 2hr 4hr 8hr

Air
\ \ \ \cooling
hr 2hr 4hr 8hr Air
\ \ \ \cooiing
1lhr 2hr  4hr 8hr Aiv
\ \ \ \cooling
Air cooling
Solution Annealing Aged Hardening Time

>
Fig. 3.3 Heat treatment diagram



Fig. 3.4 Fatigue testing machine set—up

Table 3.5 Specification of the used reagent for aging

Item Basic specification | Applied specification Remark

. Potassium Nitrate
Composition 602%6KNO3+40%NaNQz | 482%6KNO3+52NaNOs +

Sodium Nitrate

Melting point 160+2°C 162°C -

1.9£0.5 / at 200C

Specific gravity L9£0.5 / at 300°C 1.91/200C -
Specific heat
+ + -
(cal/gC) 0.28+0.02 0.28+0.02
Calorie (cal/g) 74 74 -
Water content under 0.3 0,23 B

(%)




Table 3.6 The used testers for the experiment

Tester Model Standard Maker
Fatigue testing M/C EHF-ED10-40L +10Ton Shimadzu, Japan
Universal testing M/C UH-F50A 50Ton Shimadzu, Japan
Vacuum furnace 500%400x1000 N[aXL 31200 C, Duckyoung,
(wxhx[) 10 "Torr Korea
Age hardening furnace 1900(?3}(1(33)1350 Max. 550C |Kongdan precision
VIM VIM30 30kg ULVAC, Japan
ICP Dosimat - METROHM
Roclewell hardness HR-521 No. 8102020 Akashi, Japan
tester
C/S Analyzer C/S Determinator - LECO
Vacuum furnace | W500xHA00x1.1000 M;g?;gg . DYK%; aLtd'
Salt bath furnace | W1900xH1200L.1350 ﬁi;_hggg?é GD I‘;Zizfion’
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Table 4.1 Estimated Effects and Coefficients

of Hardness

Coded Result
Term
Effect Coef SE Coef T P
Constant - 48.7332 0.5614 86.8 0
Temp 0.3002 0.1501 0.6876 0.22 0.833
Time 4.3391 2.1696 0.7059 3.07 0.015
TempxTime -1.1521 -0.5761 0.8644 -0.67 0.524
Table 4.2 Analysis of Variance of Hardness
Source DF | Seq SS Adj SS | Adj MS F P
Main Effects 2 33.846 33.297 16.648 475 | 0.044
2-Way Interactions 1 1.558 1.558 1.558 0.44 | 0.524
Residual Error 8 28.063 28.063 3.508 - -
Total 11 63.467 - - - -




Normal Probability Plot of the Standardized Effects
(response is Hardness, Alpha = .10)
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Fig. 4.1 Normal Probability Plot of the Standardized Effects of Hardness

Main Effects Plot (data means) for Hardness
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Fig. 4.2 Main Effect Plot of the Standardized Effects of Hardness
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Table 4.3 Estimated Effects and Coefficients of Tensile Strength
Coded Result
Term
Effect Coef SE Coef T P
Constant - 1744.25 11.74 148.63 0
Temp 7497 37.48 14.37 261 0.031
Time 21354 106.77 14.75 7.24 0
TempxTime -110.03 -55.02 18.07 -3.04 0.016
Table 4.4 Analysis of Variance of Tensile Strength
Source DF Seq SS Adj SS Ady MS F P
Main Effects 2 100188 90567 45283 29.55 0
2-Way Interactions 1 14209 14209 14209 9.27 | 0.016
Residual Error 8 12261 12261 1533 - -
Total 11 126657 - - - -




Normal Probability Plot of the Standardized Effects
(response is tensile strength, Alpha = .10)
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Fig. 4.3 Normal Probability Plot of the Standardized Effects of Tensile
Strength
Main Effects Plot (data means) for tensile strength
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Fig. 4.4 Main Effect Plot of the Standardized Effects of Tensile Strength
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Rk Femsl Am EAE.
Table 4.5 Estimated Effects and Coefficients of Elongation
Coded Result
Term
Effect Coef SE Coef T P
Constant - 16.233 0.2752 58.98 0
Temp -1.323 -0.662 0.3371 -1.96 0.085
Time -2.763 -1.381 0.346 -3.99 0.004
TempxTime 1.058 0.529 0.4238 1.25 0.247
Table 4.6 Analysis of Variance of Elongation
Source DF | Seq SS Adj SS | Adj MS F P
Main Effects 2 18.304 16.657 8.3284 9.88 | 0.007
2-Way Interactions 1 1.314 1.314 1.3143 156 | 0.247
Residual Error 8 6.744 6.744 0.843 - -
Total 11 26.363 - - - -




Normal Probability Plot of the Standardized Effects
(response is elongation, Alpha = .10)
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Fig. 45 Normal Probability Plot of the Standardized Effects of

Elongation

Main Effects Plot (data means) for elongation

Temp. Time.

Mean of elongation

455 4382 510 1 2 4 8

Fig. 4.6 Main Effect Plot of the Standardized Effects of Elongation
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Table 4.7 Estimated Effects and Coefficients of Fatigue life

Coded Result
Term
Effect Coef SE Coef T P
Constant - 108276 5986 18.09 0
Temp 14083 7041 7331 0.96 0.365
Time 6097 3049 7526 0.41 0.696
TempxTime -5362 -2681 9217 -0.29 0.779
Table 4.8 Analysis of Variance of Fatigue life
Source DF | Seq SS Adj SS Ady MS F P
Main Effects 2 530209846 432721843 216360921 0.4 0.601

2-Way Interactions 1 33742412 33742412 33742412 0.08 0.779

Residual Error 3 3190390241 | 3190390241 | 398798780 - -

Total 11 | 3754342500 - - - -




Normal Probability Plot of the Standardized Effects
(response is Fatigue life, Alpha = .10)
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Fig. 47 Normal Probability Plot of the Standardized Effects of Fatigue
life

Main Effects Plot (data means) for Fatigue life
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Fig. 4.8 Main Effect Plot of the Standardized Effects of Fatigue life
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Table 4.9 Estimated regression coefficients for Hardness(Coded)

Term Coefficient P

Constant 50.7666 0
Temp. 0.1578 0.808
Time. 2.3056 0.012
Temp.*Temp. -1.2743 0.266
Time.*Time. -1.8249 0.185
Temp.*Time. -0.5761 0.49

Table 4.10 Analysis of variance for Hardness

Source DF Seq SS | Ady SS | Adj MS F P
Regression 5 46.1916 | 46.1916 | 9.23832 3.21 0.094
Linear 2 338462 | 85299 | 4.26496 1.48 0.3

Square 2 10.7875 | 10.7875 | 5.39377 1.87 0.233

Interaction 1 1.5578 1.5578 | 1.55785 0.54 0.49
Residual Error 6 172751 | 17.2751 | 2.87918 - -
Total 11 63.4667 - - - -




Contour Plot of Hardness vs Temp., Time.
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Fig. 4.9 Contour plot of Hardness between Temp and Time
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Table 4.11 Estimated Regression Coefficients for tensile strength(Coded)

Term Coefficient P
Constant 1801.83 0
Temp. 371.57 0
Time. 112.33 0
Temp.*Temp. -13.71 0.124
Time.*Time. -74.68 0
Temp.*Time. -55.02 0

Table 4.12 Analysis of Variance for tensile strength

Source DF Seq SS | Adj SS | Adj MS F P
Regression 5 125717 | 125717 | 251434 | 160.43 0
Linear 2 100188 | 23843.3 | 119216 76.07 0
Square 2 11320 | 113204 | 5660.2 36.11 0
Interaction 1 14209 | 142089 | 14208.9 90.66 0
Residual Error 6 910 940.4 156.7
Total 11 126657




Contour Plot of tensile strength vs Temp., Time.
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Fig. 4.10 Contour plot of Tensile Strength between Temp and Time
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Table 4.13 Estimated regression coefficients for Elongation(Coded)

Term Coefficient P

Constant 16.4162 0
Temp. -0.6616 0.137
Time. -1.3611 0.014
Temp.*Temp. -0.0109 0.987
Time.*Time. -0.2718 0.731
Temp.*Time. 0.5291 0.316

Table 4.14 Analysis of variance for Elongation

Source DF Seq SS | Ady SS | Adj MS F P
Regression 5 19.7619 | 19.76191 | 3.95238 3.59 0.076
Linear 2 18.304 1.4281 | 0.71405 0.65 0.556
Square 2 0.1436 | 0.14362 | 0.07181 0.07 0.937
Interaction 1 1.3143 | 1.31426 | 1.31426 1.19 0.316

Residual Error 6 6.6008 | 6.60076 | 1.10013 - -

Total 11 26.3627 - - - -




Contour Plot of elongation vs Temp., Time.
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Fig. 411 Contour plot of Elongation between Temp and Time
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Table 4.15 Estimated regression coefficients for Fatigue life(Coded)

Term Coefficient P
Constant 93054 0
Temp. 7075 0.354
Time. 1444 0.85
Temp.*Temp. -5616 0.65
Time.*Time. 21533 0.169
Temp.*Time. -2681 0.772

Table 4.16 Analysis of variance for Fatigue life

Source DF Seq SS Adj SS Adj MS F P
Regression 5  11547539170|1547539170| 309507834 | 0.84 0.566
Linear 2 530209846 94235193 47117596 | 0.13 0.882
Square 2 983586912 983586912 491793456 | 1.34 0.331
Interaction 1 33742412 | 33742412 33742412 | 0.09 0.772

Residual Error 6 2206803330 2206803330 | 367800555 - -

Total 11 | 3754342500 - - - -

55 —




Contour Plot of Fatigue life vs Temp., Time.
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Fig. 4.12 Contour plot of Fatigue life between Temp and Time
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Table 4.17 responses for response optimizer

Factors Responses
Order - Coded . [incode}:gd Hurdness S{fglsgﬂti Elongation Faitiifiue
1 -1 -1 455 | 1 43.25 1496.7 19.96 84902
2 -1 071429 455 | 2 47.4 1604.77 | 17.24 100202
3 -1 -0.14286] 455 | 4 49.55 1729.71 | 1664 91202
4 -1 1 455 | 8 50.05 183862 | 1536 116102
5 | -0.01818 -1 482 1 1 A7.2 1609.68 | 1796 145502
6 | -0.01818|-0.71429| 482 | 2 47.95 1690.95 | 16.24 94502
7 | -0.01818|-0.14286| 482 | 4 50.05 177292 | 1744 99602
8 | -0.01818 1 482 | 8 51.25 184491 | 1456 105302
9 1 -1 510 | 1 48.1 1688.65 | 1564 128402
10 -0.71429] 510 | 2 44.55 1761.5 16.44 90302
11 1 -0.14286] 510 | 4 50.1 1804.12 | 1664 106502
12 1 1 510 | 8 49.75 1810.37 | 14.28 128402
Table 4.18 Setting of the response values for optimizer
Response Goal Lower | Target | Upper | Weight | Importance
Hardness Target 40 52 55 1 1
Tensile strength Maximum | 1400 1850 1900 1 1
Elongation Target 14 16 20 1 1
Young modulu Target 12000 | 13000 | 15000 1 1
Fatigue life Target | 80000 | 100000 | 150000 1 1
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Fig. 4.13 Results of the response optimization
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