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Microstructure and Mechanical Properties of
Precipitation Hardening Stainless Steel with
various contents of alloying element of
Cu and Nb

Hans—Sung Shin

Department of Materials Science and Engineering, Graduate School.
Pukyoung National University

Abstract

Precipitation-hardened  stainless  steels were first  developed
during the 1940s, and 17-4 PH (precipitation hardness) stainless
steels is strengthened by the precipitation of the highly dispersed
particles in the matrix. The 17-4 PH stainless steels are easy being
fabricated and have high strength and relative good ductility
17-4 PH steels have been used for a variety of applications
including oil field valve pars, chemical process equipment, aircraft
fittings, pump shafts. Although 17-4 PH steels is widely used a
variety of applications, there have been no detailed investigations
of the microstructure and mechanical properties with precipitated
components.

Microstructure and mechanical properties of 17-4 PH stainless
were investigated with various contents of alloving elements of Cu
and Nb.

The tensile strength and vield strength were increased up to 3.230
Cu wt% and were decreased in more adding contents of 4.145

Cuwt%. The elongation was increased up to 3.230 Cuwt? and were



decreased in more adding contents of 4.145 Cuwt%. The SEM
observation of precipitated Cu-rich phase are coarse by more
adding contents of 4.145 Cuwt%.

The Mechanical properties almost had not influence on various
contents of alloving element of Nb.

The more cleavage fracture surface were observed in the more
adding contents of Cu. The Dimple fracture surface were
observed in increasing up to 1557 wt%Nb and shear fracture

surface were observed in more adding contents of 1.557 wt%Nb.
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Table. 2 .1 General properties of stainless steel
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Table. 2.1.1 Species of ferrite stainless steel and properties 4
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634 AM335 15.5Cr-4.5Ni-3Mo-0.1N
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Fig. 2.2.2 Dependence on the age treatment's temperature in Ms point and
Hardness of 17—-4 PH stainless steels

Table 1.6 Mechanical properties of the SUS 80(17-4 PH)

kS H ngsxg | 23N | BB | =2AC z4D Z3E
1050C 470C | 500C | B30T 580C 620T
. ALE T 30min Ahr 4hr Abr Ahr Ahr
o 213 Fa | o®d | w9 | =3 | Bu
VIFR= (kg/mur) 105 141 134 120 116 102
0.2%% 572 x (kg/mm) 77 125 123 116 105 88
0.24EFEZE  (kg/mf) 77 125 - - - -
el Kl (%) 13 12 11 15 16 19
T = (%) 54 13 Ge| 56 58 60
7 = (Hi) 302 420 109 352 341 311
%] = (H:LC) Cc32 C4 42 C38 €36 €33
FEAARE (kg'm/cr) 3.0 5.0 7.0 10.8 11.0 14.0
% E A= 20000
9 = HE¥ 7350
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Fig. 2.2.3 Transmission electron micrographs shown the copper
precipitates and the reversed austenite obtained from
the specimen aged at 620T for 4h.

Fig. 2.4.4 FEG-TEM bright field image and corresponding diffraction
patterns for copper precipitate obtained from the specimen
aged at 480 T for 1h : (a) bright field image; (b) and (c)
corresponding diffraction patterns of precipitate matrix.
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Fig 2.4.5 Transmission electron micrograph showing the lath martensite
structure obtained from the specimen aged at 480TC for 1h
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A 3 AU
3.1 17-4 PH =¥ Q1g| 279 544

17-4 PH <H gl 272 vt2galoled 22l
o|Eo| nE&EHAR nfREAlo]|Eo s 185 e
2R ANEFsAE § nf2HAlo)E 7Ao A HEE
woj st B 7 JdrxE MEdae] Aojrt o
Ao AE xdd wet QaHUolEe & &,
PE&HA i MESE HEY Cu, Nb 929 %S 29 st ¢
FA4AE AA

HA, 17-4 PHZ S 71224 €9 Cr-Nigt A 39 949 gHse 1
AAZ I, Feg Cust Nbe &f#ol wat 283, A2 &34 4
+ Table 3.1.13 Table 3.1.29} o] Cu $HF#S 1.320 ~ 5317 wt%
7hA 71 24S ¥t A2 Nb 32 0697 ~ 2293 wt%7bAl W

3 AR
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A% A¥YLS Micro Vikers ZEAZ o}&3tth 17-4 PH 2HIQIZ 2
H EHe dAnd & 5FS 500 gf2 SAHF}AY. ol AR T

07MAE A Huga AU A FeAE A Ho= &9

34 EX8 AlY

AR Urold dART W
A AxAse vl Nt FETAREAS BEY) A FFE nEA
o galx FAH HY & %< 1040 CE Fig 3413 o] 15 T
/mine] £E2 7t95, §4 UK YW LEF Fu
3 A2l NREL §4 F FYAG ot

o, sgolErt ol m v
W7 A FLAAE @t

= )

o

2A435 A7t B F ggoez MES 3 A2 FUHetE A RA
3t AdE s 2Es 288 el of AW Fig 3429 #o] 15 T
/min® £E52 TEE FH TR0 & 480 T 2=A 15 At &
oF &4 38 Fo] T stgth ol A2 480 TAlA EAHAS W Hx 7
T2 A% F 9lal o] B} IL0F AFgEH, LAHUEVL o W
ato] (Reversed Austenite) Z =t A3 E 1 Q1Ago] AdH F=e ¥
o} A 7] wjiEo|th
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35 @l A 2 M gdd

%

r_l

17-4 PH 2H9glxs 7 A#e] dis &Ast Hst Aazdst A=
3 & o] AWS EY F AHS Fae 7B xS BRI A
o} & 1g picric acid, 5m¢ Hel, 100 m¢ ethanole &3§3te] 20 CellA 1%
Zol AL AAFFY. JSM 6700 K-FE-SEM(field emission
scanning electron microscope) ™ EDAX(energy dispersive analysis by
X-ray) g8t AE4 2y A& 4ee 24 AgHe
SEM(scanning electron microscope)s &3t &zt

17-4 PH 2"z 27 MEFA 42 XA IJEZAX-ray
Diffraction, XRD)& o} &8t} ElAE CuZ Graphite G2 A &g &
Metg Kad (Cu Ka)& Abgstgeh A 2 dF < 242 3B kV 2+ 15
mA ¢th 17-4 PHZS ¥aE BHYY Wo|l UYorvF Astd F, 20
=20° ~80° WHolM X-A HHA=E AU

rir
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Table 3.1.1 The various Cu composition of 17-4 PH stainless steel

Compoasition
Remans (Wi C M P S N o tu L] e
- 000 0685 042 07 | ODI0 4250 | 1550 130 0206 ba
2-1 00at 0428 Qo015 | 4116 | 15861 | 2319 028
3+ 005 | 0610 | 0410 0020 4114 | 1555 | 320 | 02®
41 0D | 0586 | 0404 002 0019 | 4150 | 16557 | 4165 | 0243 | ba
51 00 | 0571 0387 418 | 15566 | 5337 | 0262 | bal
Table 3.1.2 The various Nb composition of 17—-4 PH stainless steel
Composition
Remania MW | C g | W P S N or Q o | Fe
12 0058 | 0570 | 0366 | 0018 | 000D | 433 | 15282 | 2808 | 0697 | bal
22 0050 | 057 | 0313 | 0018 | 000 | 42 | 15111 | 2680 | 117 | DA
32 0061 | 0557 | 0336 | 0021 | Q00D | A303 | 1497 | 26M | 157 | b
&2 0051 | 0578 | 032 | 0024 | 0000 | 4306 | 14782 | 26%7 | 1921 | bdl
52 0061 | 0571 | 0200 | 0024 | 000D | 4271 | 14616 | 2857 | 228 | bd
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ﬁ %

Fig 3.2.1 Wax tree pattern of the sampie

(1
N

L ¥
L

L

)

L=50mm
P =60mm
R{radius)=15mm

D(diameter)=12mm

Fig 3.2.2 Specification of JIS No. 3 tensile test specimen
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Temperature {C)

T l 1 l L] ' T I T l T
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Thour holding at 10407 1
1200 .
1000 B -
800 |- -
600 |- , , rad .
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400 -
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0 M i i 1 2 L N 1 " ] M
0 40 80 120 160 200 240
Time {min)

Fig 3.4.1 Solution treatment curve of 17-4 PH Stainless steel
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1.5hours at 480 °C

0(_) .
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Q Air coding

=

"_ -
1 L { " 1 n 1 L | ¢ | " 1

40 &0 80 100 120 4o 1680
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Fig 3.4.2 Age hardening treatment curve of 17-4 PH Stainless steel
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A 4 F AdEd7 @ uF
41 Cu$t Nb g% H3le] w2 17-4 PHEY 71418 432
411 17-4 PHZY AW E ¢ dEFE

17-4 PHZS A& 7143t Cut Nbel il w
A2 S Table 4.1.13 Table 4.1.2914 YERAT. 5L
AElet Algdst Hed 17-4 PHZ2 Cu¢ Nb &+
met A A Edi= Fig. 4.1.1, Fig. 4.1.29F 23kt

Cu 3ol zhzb 1.320 wt%, 2319 wt%, 3.230 wt%, 4.145
wt%, 5337 wt%Z F7Fstel] whEl Q1A= 1249 Mpa, 1343
Mpa, 1406 Mpa, 1251 Mpa, 1245 Mpa< 2}z JeElla 38274
T+ 1147 Mpa, 1248 Mpa, 1337 Mpa, 1144 Mpa, 1145 Mpas ot
Ebui A o

$1o] JVIFAIE AFANA AFASY] Cu TFHHol

3.230 wt%7tx 7t E+-F Q9FZA

71 Al A
& A 3}
A 5}

ol &

—

320 wt%ell A
, BEAE T 71AH A
2
o

il

o
o

)
w ©
W
i

b
)
é"

T

s @ g A2el AEAe Fo 17-4 PH
delelsge Cu $43 Wl meh vA4 548 77t 2

A
EN R o
Fom Cu FHFol 3230 wtwolA 713 F& AFZE, FRIp
L
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2l .
= Nb & & 17-4 PH Z2~H)|
54 WsleE Cu 73 W¥stel ws Ao
Table 4.1.29} z°] Nb &r&e] 0.697 wt2olA 2293 wt2%7h=]
Z7rgel wet QAT = qBAE 5 7+7 1178~1203 Mpadt
1088~1143 Mpao & & =ztol7F gldch. 22y A4l &) A5
Nb gf-#ol Z7Hge] &7 F7hstthrt 1.557 Nb wtosol A = i
# 18% % el thAl 1 o] Nb &f-#e] F7kshd dals
S FZ3 @gAago olHl AAEel FAS Wst A M EFALe
B2 7] Wstel BATE AS Aozt Atm €
Aoz 17-4 PHZOA Nb# Cu % AH&ES ¥
Nbe] % yWF oM&tA HdEste] 7 A S4ds & 9%

Eol AS nzHEHAlolE 7|X Yol MEEE

o] wAEA A FEEe] Cu $FHe Wsle uwel 7AH 5
3 Cu &f#o] 3.320 wted AR et &
T39I ©]l+= Table 4.1.3904 B 89} o]
H

=
B AEHE SAAE HoE o 5% A= FEALEE
[e]

T
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Load [ks]

Load kgl

SERRRRRRR

Load [ke)

o
17800
ol
]

2300

22300 |

20000 [

Load [ke}

AERIRE

Z 319 Cuwt

Dispiacement [m)

(a)

21 o a ° ° [ 15 18

3,230 Cuw%

Load [kl

SR

4,145 Cuwt

(e)
Fig
contents of Cu

21

4.1.1 The tensile test of 17-4 PH stainless steels with Various
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Load [ksl

pr it

Load [kel

Load [kgl

5 /“'—‘\
L //

/

/,

0,697 No wax

o 12 15 18

2
Displacement [m]
(a)
/ /"\
12%00 = /
10000 |- /
oo /
3 0 > (1] 7% W6TIT
Displacement [m]
(c)

219 howi%

Load [kel

[RERENE

Load [kel

22500

20000

2.293 Nb wt%

Fig 4.1.2 The tensile test of 17—-4 PH stainless steels with various

contents of N.
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Table. 4.1.1 Mechanical properties of 17-4 PH
various contents of Cu

stainless steels with

NO UTS Y.S EL R/A HEAT
[MPa] [MPa] (%] (%] TREATMENT
171 1249 1147 13.80 32.50
(1.320 Cu wt%) ’ )
2-1
(2,319 Cu wi%h) 1353 1248 11.60 26.50
3-1
1406 1337 10.00 13.80 1040TX1.0 HR
(3.230 Cu wt®) Solid solution
4-1 treatment
(4.145 Cu wi%) 1251 1144 2.40 1.40
480Cx1.5HR
5-1 Aging treatment
(5.337 Cu widh) 1245 1145 2.00 1.40
AVERAGE 1301 1204 7.96 15.12

Table. 4.1.2 Mechanical properties of 17-4 PH
various contents of Nb

stainless steels with

o UTS YL EL R/A HEAT
[MPa] [MPal (%) (%] TREATMENT
1-2 1178 1116 13.60 32,50
(0.697 Nb wt%) - "
22 1189 1110 17.60 45.90
(1.17 Nb wt%) ’ i
3-2 1040TX1.0 HR
(1557 N wi) 1203 1142 18.00 43.80 Sod coltion
4-2 treatment
(1.921 Nb wt%) 1184 1088 3.00 140 480 T X1.5HR
5-2 - Aging treatment
(2,295 1 wi%) 1186 1143 4.00 1.40
AVERAGE 1188 1120 11.24 25.00
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Table. 4.1.3 Mechanical properties of precipitated hardening stainless steels

Y.S UT.S EL
AZH
(Mpa) (Mpa) (%)
17-4 PH?® 1206 1314 14
15-5 PH?® 1206 1314 14
Custom 450° 1265 1353 14
Stainless W° 1245 1344 10
Specification of
‘ 1337 1406 10
Casting 17-4 PH

235 At
=

= o

d

a 17-4 PH & 15-5 PH= Armco Steel Corporation0fl A
b Custom 405= Carpenter Technology Corporation2| &t

=
=1

Py
ao
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412 73=H3}

Fig 4.1.3% Fig 4.1.4% Cu®} Nb &= ¥H3ld w& ZAxws}
E veld Aolth Cu $He-Eo] 1.32 wt%, 2.319 wt%, 3.23 wt%,
4.145 wt%, 5337 wt%=E =ojgel wgt A= Fhe Hv 422, Hv
435, Hv 474, Hv 485, Hv 4992 Z7}ste A TS Jehdidch

Nbe] A% fFol 0697 wt%, 1.17 wt%, 1557 wt%, 1.932
wt%, 2293 wt%o 2 F7%el] wel B k& Hv 440, Hv 426,
Hv 422, Hv 466, Hv 460 2.2 YeERA AT o 7|4 Nb 3ol
1.932 wt% ©o]de] =W A= Fho] o]lHEh F7lshe A2 Nbol
25 SFES st A Reolgtn Az E X

T3 BEAFEAT Mgy A FPo 2 A2 FE3 17-4 PH
o] AlgEe IrAel gy A BAel Ax k<l Hv 350
Hoh £ S YeEh AT
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500 F —

450 /’/

|

£ a0}

350 |

w7

1 2 3 4 5] f
Cu{wt%)

Fig. 4.1.3 Microvickers Hardness of 17-4 PH stainless steel with various
contents of Cu
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500 T T T T

//’ T
450 k- i
. /
\ //
—
2 400}
30
3[1:] 1 i 1 | L 1 1 ]
05 10 15 20 25
Nb (W%

Fig. 4.1.4 Microvickers Hardness of 17—-4 PH stainless steel with various
contents of Nb
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4. 2 Cu®t Nb g3 ®slel] & 17-4 PHA 4

Al 2E B3

17-4 PH 2=g9lg|2=7e] AS Cud AEEES vl PlASHA &4
5o} 9lo] SEM(scanning electron microscope)dlA  Zul&<l
x100008] olAtell A ol low Nb MEEe 72 UF "AsHA
M &ste] SEME F3toile #zo] E7bs Ak

Cust Nb@-frako w& 7% Zz=#eo|Ae] A&t ¥Wde Fig 4.2.1,
Fig 4.2.2, Fig 4.2.3% #skt}.

Fig 42.1-(a),(b)x= Cu F&Fo] 1320 wt%¥ w2l SEM Z A Az o]
t}. SEMS %3t wiAg o] 7)zAd FWA BEIL e AE &
ol & £ AAxm o] vuAMF 4& Fig 4259 Zo| Fe-SEM
EDAX(energy dispersive analysis by X-ray) 4% %3 Curich %
AL & F AU ol Ak A7]= ¢F 90-130 nm A T

Fig 4.2.1-(b)(c)x= Cu o] 2319 wt%d wf SEM =32 A3
22,1329 wt%d o Ro g2 Ak Cu AEo] 71# el FHA
Fa2 dE AS A T F dAT dAY FAVIE olHrRG ¢ v
3k °F 90-250 nm 9. Fig 4.22-(a),(b)T Cu &%l 3.230 wt%d
wjo] SEM Z% Al o & o] AL HA] Cu Ff#o] 3230 wt% olstdd
W Bl o & Cu AE0 FHA 717 we=z A&Es AL 9 &
F AR olE 4AY AVIE HoHSR 120-150 nmel R F A
52 200-250 nmA = o] Ao}

Fig 4.2.2-(c),(d) Fig 4.2.3-(a),(b)= Cu S| 4.135 wt%e}t 5.337
wt% @ W] SEM x37 Abxez 7)# 22A Yo Zdsi Cu AEE
o] AR Et MEF AL #F T £ dAdd gAe A7IE 3.230 Cu

wt%9 SEM AFA 3} Hw &} Bol: 70-80 nm © & 200-250 nm A&

Ui (et

4
o @
i

Fragol Zvhgel wat Bl Al
A

gt Zy

_43_



boll F 4l Al

=}
“

~]

7z

of wzt 7j=]|

)
=1

ZFol 1.310 wt%el A 5337 wto%7hAl &7+

o

T

1.

u e

C
A= 17-4 PHZ S 7|AH EAL Cu o] 3230 Cu wt & o

Cu A&49 Z717F B oF 120-150 nme| 27|12 7|7

e

1

B
pild

o sh A

S =

[e]

9 aAVI®E ¢

b

=73
Ho 2 Fig. 424-(b)el A =

-
it

oh

1o

L

of wa A

13
=

7

=

SEM # #) o] 4]

=

o] Cu ¥fe] 4

Nb 3%l u}

bl

o

whet Zho] Nb

T
T

[}

3}

ate] SEM

5

o] Y% A

A=)

=5

. Nb 4]
7] ol vt

freFol 0697 ~ 2.293 wt%7HA

3F
1

°
b

=75
Z, N

=]

o

2 wslol wel

oF

o] oA Cu #

R 3kA 71 7]
3320 wt%<e] SEM ZZARZIFH Cu

T

il

b
70

K
<

i

]
ZS|

71 A

}

T
yol

_44_

i
webA] 17-4 PH 7%e) 4% 9

P 2E= Cuel¥, Nbe
o2 AsdHy,



(a) SEM micrography of 1.230 Cuwt%
x 10000

(c) SEM micrography of 2.319 Cuwit%
x 10000

I =56 m

(b) SEM micrography of 1.230 Cuwt%
x 20000

(d) SEM micrography of 2.319 Cuwt%
x 20000

Fig 4.2.1 SEM micrography of 17-4 PH Stainless steel
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x 10000

(a) SEM micrography of 3.230 Cuwt%

(c) SEM micrography of 4.135 Cuwt%
x 10000

(b) SEM micrography of 3.230 Cuwt%
x 20000

(d) SEM micrography of 4.135 Cuwt%
x 20000

Fig 4.2.2 SEM micrography of 17—-4 PH Stainless steel
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(a) SEM micrography of 5.337 Cuwt%
x 10000

(b) SEM micrography of 5.337 Cuwt%
x20000

Fig. 4.2.3 SEM micrography of 17—-4 PH Stainless steel
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(a) SEM micrography of 3.230 Cuwt%
x20000

{b) SEM micrography of 1.17 Nbwt% Xx
20000

Fig 4.2.4 Compare the SEM micrography 3.230 Cu wt% to 1.17 Nbwt%
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Full Scale 1873 cts Cursor: 3,597 ke (B3 cts)
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Fig 4.2.5 EDAX pattern of the precipitated phase

in 17-4 PH stainless steel
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(a) Fracture surface of 1.230 Cuwt% | SEM micrography of 1.230 Cuwt%
17-4 PH stainless steel 17-4 PH stainless steel x600

(b) Fracture surface of 2.319 Cuwt%| SEM micrography of 2.319 Cuwt%
17-4 PH stainless steel 17-4 PH stainless steel x600

Fig 4.3.1 Fracture surface of 17—4 PH stainless steel




(C) Fracture surface of 3.230 Cuwt%
17-4 PH stainless steel

SEM micrography of 3.230 Cuwt%
17-4 PH stainless steel X600

(d) Fracture surface of 4.145 Cuwt%
17-4 PH stainless steel

SEM micrography of 4.145 Cuwt%
17-4 PH stainless steel x600

Fig 4.3.2 Fracture surface of 17—4 PH stainless steel
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(e) Fracture surface of 5.337 Cuwt% | SEM micrography of 5.337 Cuwt%
17-4 PH stainless steel 17-4 PH stainless steel x600

(f) Fracture surface of 0.697 Nbwt% | SEM micrography of 0.697 Nbwt%
17-4 PH stainless steel 17-4 PH stainless steel x600

Fig 4.3.3 Fracture surface of 17-4 PH stainless steel
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(g) Fracture surface of 1.17 Nbwi%
17-4 PH stainless steel

SEM micrography of 1.17 Nbwt%

17-4 PH stainless steel x600

(g) Fracture surface of 1.1557 Nbwt%
17-4 PH stainless steel

SEM micrography of 1.1557 Nbwt%
17-4 PH stainless steel x600

Fig 4.3.4 Fracture surface of 17-4 PH stainless steel
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(h) Fracture surface of 1.921 Nbwit%

17-4 PH stainless steel

SEM micrography of 1.921 Nbwt%
17-4 PH stainless steel x600

(i) Fracture surface of 2.293 Nbwt%
17—-4 PH stainless steel

SEM micrography of 2.283 Nbwt%
17-4 PH stainless steel x600

Fig 4.3.5 Fracture surface of 17-4 PH stainless steel
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| Fe
Mﬂ-ﬂu - . JM i A "
1 i L 1 | 1
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Fig 4.4.1 XRD pattern of 17-4 PH stainless steel with 1.320 Cu wt%

Fe

2.319 Cu wt%

Intensity ( arbit. unit )

10 20 30 40 50 60 70 80
20 (degree)

Fig 4.4.2 XRD pattern of 17-4 PH stainless steel with 2.319 Cu wt%
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[ ] ® Ie
—_ w (u
‘g
= 5.337 Cuwt%
o ‘ °
2 M bz 2
=
£ 4.145 Cuwt%
= ®
£ JL h A .
=
3.320 Cuwt%
t °
MA L
10 20 30 40 50 60 70 80

20 (degree)

Fig 4.4.3 XRD pattern of 17-4 PH stainless steel with Various contents of Cu

Fe
0.697 Nb wt%

Intensity ( arbit. unit)

TR Y -
0 20 30 0 50 60 70 80
20 (degree)

Fig 4.4.4 XRD pattern of 17-4 PH stainless steel with 0.697 Nb wit%
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1.17 Nb wt%

Intensity ( arbit. unit )

Fe

s pms Jy A

10 20 30 40 50 60 70 80
20 (degree)

Fig 4.4.5 XRD pattern of 17-4 PH stainless stee! with 1.17 Nb wt%

Fe 1.557 Nb wt‘%

Intensity ( arbit. unit )

i Fe

Mot oot A

s T 18 1

10 20 30 40 50 60 70 80
20 (degree)

Fig 4.4.6 XRD pattern of 17-4 PH stainless steel wit 1.557 Nb wt%
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Fig 4.4.7 XRD pattern of 17—-4 PH stainless steel with 1.921 Nb wt%

Fe

2.293 Nb W%

Intensity ( arbit. unit )

; Fe

10 20 30 40 50 60 70 80
20 (degree)

Fig 4.4.8 XRD pattern of 17-4 PH stainless steel with 2.293 wit%
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