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The effects of aging temperature on the microstructure and mechanical properties of a
newly designed martensitic precipitation hardening stainless steel, which is
1.8Cu-15.9Cr-7.3Ni-1.2Mo-low C, N steel, for improving the toughness, ductility and
corrosion resistance of stainless steel of 1000 MPa grade tensile strength were
experimentally investigated. The specimen aged at 753 K for 14.4 ks has a typical lath
martensitic structure with about 12% interlath austenite, while the specimens aged at 813 K
and 853 K for 14.4 ks have the lamellar duplex microstructure of the reverted austenite and
the aging hardened martensite. The formation process of reverted austenite is controlled
by diffusion of Ni in martensite. The mean size of precipitates which are enriched with Cu
increases with rising aging temperature, however, it is about 30 nm even after aging at

8563 K for 14.4 ks. The specimens aged at 813 K and 853 K for 14.4 ks, in which the reversion
of martensite to austenite is observed, have the excellent combinations of strength,
ductility and toughness. © 2000 Kluwer Academic Publishers

1. Introduction designed martensitic precipitation hardening stainless
Martensitic precipitation hardening stainless steelssteel.
such as 17-4 PH and PH 13-8 Mo stainless steels are
widely utilized because of their high strength with
reasonable toughness, ductility and corrosion resis2. Specimen and experimental procedure
tance [1]. However, those properties and their combi2.1. Specimen
nations are not always satisfactory to their users, andhe Chemical composition of the steel used in the
the improvement of those properties have been also expresentwork is shown in Table I. Fig. 1 shows the phase
pected. diagram calculated by the Thermo-Calc software [3].
From these circumstances, we have newly designe@/hen compared to Fe-Cr-Ni ternary phase diagram [4],
a martensitic precipitation hardening stainless steelfig. 1 is found to have Laves phase an@u phase re-
which is 1.8Cu-15.9Cr-7.3Ni-1.2Mo-low C, N steel, gions as a result of Mo and Cu additions, respectively.
for improving the toughness, ductility and corrosion The steel was melted by using the multistage steel-
resistance of stainless steel of 1000 MPa grade tensilmaking process and then produced as rolled bars 80 mm
strength [2]. The main features of this steel are asand 67.5 mm in diameter by AICHI STEEL CORPO-
follows: (1) About 10% austenitey, remains after RATION for minimizing non-metallic inclusions and
solution treatment. (2) C and N contents are lowered foimpurities. Then the rolled bars 80 mm in diameter
controlling the precipitation of carbides and nitrides. were hot forged as bars 15 mm in diameter. The rolled
(3) 1.2mass%Mo is added for high corrosion resis-bars 67.5 mm in diameter were used for the evaluation
tance. (4) 1.8mass%Cu is added as a element faf mechanical properties, while the forged bars were
precipitation hardening. The purpose of this studyused for other examinations. These rolled and forged
was to clarify the effects of aging temperature on thebars were solution treated at 1273 K for 1.2 ks, air
microstructure and mechanical properties of this newlycooled to room temperature. Subsequently these bars
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TABLE | Chemical composition of the present steel (mass%)

3. Experimental results

3.1. Changes in hardness and amount
of austenite with aging
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Figure 1 Phase diagram calculated by the Thermo-Calc software.

were aged at different temperatures in the range 653 K-
953 K for various durations and then air cooled to room
temperature.

2.2. Experimental procedure

The heat treated bars were examined by means c
hardness test, X-ray diffraction technique, optical
microscopy, transmission electron microscopy (TEM),
and mechanical tests. The hardness tests were pe
formed on the tester set to the Rockwell C scale. The
quantitative measurements pf were determined by
X-ray diffraction technique with Cu K radiation in
Rigaku X-ray diffractometer (Rint1100). The amounts
of y were estimated by the comparison of three peak:
((200khce, (211hee, (220hcc and (2004, (220)cc,
(311).c) for each phase so as not to be affected by
the preferred crystallographic orientation [5]. Optical
microstructures were examined after etching with a
reagent containing of 5 ml of hydrochloric acid, 4 g
of picric acid and 100 ml of ethyl alcohol. Thin foils
for transmission electron microscopy were preparecs
by mechanical thinning to a thickness of 0.1 mm and é’
followed by electropolishing at 288 K in an electrolyte 5
containing 50 ml of perchloric acid and 450 ml of §
acetic acid. Those thin foils were examined in a JEM &
2000FX operating at 200 kV. The mechanical proper—g
ties were evaluated by means of tensile test and Charp
impact test at room temperature. The tensile tests
were performed on 8 mm diameter round specimens
with 40 mm gauge length. The crosshead speeds wer
2 mm/min in the elastic range and 5 mm/min in the
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features of impact specimens were examined by means
of scanning electron microscopy.

Fig. 2 shows the variations in hardness and amount of
with aging time at various temperatures. The hardness
of solution treated specimen is found to be 26 Rock-
well C hardness, and the hardness changes with aging
time are found to be divided into the following three
types (Fig. 2a): (1) At 653 K and 753 K, the hardness
increases with aging time. (2) At 813 K and 853 K, the
hardness increases at early stage and then gradually de-
creases with aging time. (3) At 953 K, the hardness dose
not change with aging time. On the other hand, solution
treated specimenis found to contain about 12% retained
y, and the changes of amountfvith aging time are
found to be divided into the following three types in
the same manner as the hardness changes (Fig. 2b):
(1) At 653 K and 753 K, the amount gf dose not
change with aging time. (2) At 813K and 853K, the
amount ofy gradually increases with aging time. This
increase may be due to the reversion of martensite to

(3) At 953 K, the amount of remarkably increases at
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p_IaStiC range. The imPaCt tests We.re performed on fl-'I!‘Figure 2 Variations in (a) hardness and (b) amount of austenite with
size Charpy V-notch impact specimens. Fractographiaging time at various temperatures.
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Figure 3 Variations in (a) hardness and (b) amount of austenite with ;
aging temperature for 14.4 ks and 57.6 ks.

transformation of reverteg during cooling after aging.
Consequently, the hardness changes of the present ste

with aging time may depend on the balance between thigg#®
softening due to the reversion and the hardening due t K&

the precipitation. However, the reason of no hardness

change on aging at 953 K is not clear. Figure 4 Optical micrographs of the specimens aged at (a) 753 K,

X . ) b) 813 K and (c) 853 K for 14.4 ks.
Fig. 3 shows the variations in hardness and amoun(t) ©

of y with aging at various temperatures for 14.4 ks

and 57.6 ks. The maximum increments of hardness — . . .

are found to occur on aging at around 693 K for bothabogt 30’7‘2?3"}2(1'2“19?“ IS rﬁlsolved "I] th? specnlne(rj]
aging times (Fig. 3a). Moreover, the specimens ageﬁqgfheast ecimen(s elag.e da;’t stléeKn((l):ti ci?)r)ya;%sg%/g K
below 753 K are found to have a higher hardness o i 4c§) This differ?ence mav be dugto the reversion
aging for 57.6 ks, while conversely the specimens age 9. 2C). y

sbove 773 € as ound t have 2 highr hadnes off TN 05 SToun BRI T e
aging for 14.4 ks. The reversion of martensite/toan 9

be found on aging above around 773 K, though therdvas not observed, although Fig. 1 shows that the spec-

2 < . imen should contain th&ferrite after casting. Sucst
are some scattering in measunedontents (Fig. 3b). : . . . .
Therefore, the deference of hardness change may dferrlte may be dissolved during the heating, rolling and

forging.
pend on whether the revertgds formed or not. Fig. 5 shows the transmission electron micrographs

of the specimen aged at 753 K for 14.4 ks. The bright
3.2. Observation of microstructure field image (Fig. 5a) shows the typical lath morphology
Fig. 4 shows the optical micrographs of the specimensf martensite containing a very high density of disloca-
aged at 753 K, 813 K and 853 K for 14.4 ks. A lath tion. The width of the laths is found to be 0.1-QuBn
martensitic structure in a prigr grain, whose size is which is the same as some other experimental results
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Figure 5 Transmission electron micrographs of the specimen aged at 753 K for 14.4 ks: (a) bright field image, (b) dark field image of austenite,
(c) selected area diffraction pattern, and (d) schematic selected area diffraction pattern of (c).

[6-8]. The dark field image (Fig. 5b) taken frgmre-  The microstructures of the specimens aged at 813 K
flection reveals the interlath films of retaingd The and 853 K for 14.4 ks were observed under the same
selected area diffraction pattern (Fig. 5¢) consists otondition, [110}. beam direction. The dark field con-
three reciprocal lattice sections corresponding to twdrasts showing the distribution pfare shown in Fig. 6.
bcc martensite zones, [111] and [100}.., and a sin- The reversion of martensite o can be easily recog-
gle fccy zone, [1104, as shown in Fig. 5d. Therefore, nized on comparing Fig. 6 with Fig. 3b. Those reverted
both orientation relationships of Kurdjumov-Sachsy are found to appear parallel to the martensite laths,
((01 D)ped/(111)gc, [111)hed/[110)cc) and Nishiyama- and suchrevertedhas been called lath-like[13]. The
Wassermann ((01)pcd//(111)cc, [L00]hed/[110]cc) are  lath-likey may mainly grow from the prior interlath re-
found to coexist between the martensite and the intainedy which exists after solution treatment, so that
terlathy . Such diffraction pattern has been frequentlythe lamellar duplex microstructure of thrdath and the
observed from an area containing lath martensite andging hardened martensite lath can be formed in each
interlath y [9—11]. However, it is difficult only from packet. Moreover, there were also Kurdjumov-Sachs
this result to determine the orientation relationship be-or Nishiyama-Wassermann orientation relationship be-
tween the martensite and the interlathlt is neces- tween they lath and the martensite lath. Therefore,
sary to perform the accurate measurement of orientatiothe orientation relationship can be maintained during
relationship by tilting the specimen to the orientationthe reversion. The twins formed ¢f12}, plate, the
[011}cd//[111)cc as indicated by Sandvigt al. [12].  presence of which is known to reduce its ductility [14],
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Figure 6 Transmission electron micrographs of the specimens aged &
(a) 813 K and (b) 853 K for 14.4 ks.

were observed in all specimens, however, such twinwa
very low in density.

Fig. 7 shows the transmission electron micrograph
of the martensite lath in the specimens aged at 753 K
813 K and 853 K for 14.4 ks. In the specimen aged a
753 K (Fig. 7a), precipitates can not be clearly observes
due to a high density of dislocation. However, smalle
precipitates may distribute in the martensite laths, sinc [011]
the increase in hardness is obtained. In the specimel
aged at 813 K (Fig. 7b) and 853 K (Fig. 7c), very fine o7y [100]
precipitates can be observed on the dislocations. The
mean size of precipitates even aﬂer a_‘gmg at 853 K I%igure 7 Transmission electron micrographs of the martensite lath of
found to be about 30 nm. Those precipitates were founghe specimens aged at () 753 K, (b) 813 K and (c) 853 K for 14.4 k.
to be enriched with Cu by means of energy disparsive
X-ray spectroscopy equipped in TEM. The precipitates
in the specimen aged at 753 K and 813 K are considsile strength slightly decreases. On the other hand, the
ered to be Cu-rich cluster, while the precipitates in thed.2% yield strength and tensile strength gradually de-
specimens aged at 853 K may be {e€u phase onthe crease with rising aging temperature above 773 K. As
basis of those sizes [15]. Laves anghases whichmay described above, Fig. 3 reveals that the reversion of
exist on equilibrium condition below 840 K as shown martensite tg- occurs on aging above 773K for 14.4ks.
in Fig. 1 can not be observed, moreover, carbides anGonsequently, the formation of revertgdnay results
nitrides can not be also observed. in the decrease in the 0.2% yield strength and tensile

strength above 773 K. On the other hand, the decrease

in the tensile strength below 773 K may be caused by
3.3. Mechanical properties the over aging of precipitates. However, the cause of
Five kinds of specimens aged at various temperatureimicrease in the 0.2% yield strength below 773 K is not
inthe range 713 K-853 K for 14.4 ks were prepared forclear. The elongation and reduction of area increase
the evaluation of mechanical properties. Fig. 8 showswith rising aging temperature regardless of aging tem-
the effect of aging temperature on the tensile properperature. X-ray diffraction just under the fracture sur-
ties. Below 773 K, the 0.2% yield strength gradually faces of the tensile specimens revealed that there was a
increases with rising aging temperature, while the tenfew amount ofy in the specimen aged at 853 K only.
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Figure 8 Effects of aging temperature on (a) 0.2% yield and tensile & v
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Therefore, almost all of thg in each specimen may be

transformed to martensite during tensile deformation. ¥
Fig. 9 shows the effect of aging temperature on thegy A

Charpy V-notch absorbed energy. The Charpy absorbess s ”( e

Charpy absorbed energies are very high values in th
range 100-200 J. Some examples of the fractograph
feature are shown in Fig. 10. Ductile dimpled fracturerigure 10 Fractographic features of the Charpy impact specimens aged
can be observed even in the specimen aged at 713 Kat (a) 713 K and (b) 773 K for 14.4 ks.

4. Discussion with aging time at 813 K, 833 K and 853 K. Generally,

4.1. Formation process of reverted Johnson-Mehl eqution given by Equation 1 can be used
austenite to describe the progress of a number of nucleation and

Inthe present steel, the reversion of martensite¢can ~ 9rowth reactions including diffusion controlled precip-

be observed on aging above around 773 K as showfation reaction:

in Figs 2b and 3b. This temperature is lower than the .

temperature at which the reversion is detected in other y=1-e® 1)

martensitic precipitation hardening stainless steels

[6, 8, 16]. The analysis of the formation process of re-wherey, t, k andn are the volume fraction transformed,

vertedy is performed by using the measuredontents  the aging time, constant for a given temperature and
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the time exponent, respectively [17, 18]. The time ex-
ponentn, is a useful parameter which provides a semi-
quantitative description of the isothermal tranformation
kinetics. This parameter is independent of temperature
provided the reaction mechanism dose not change owve
the range of condition of encountered. Thevalues
have been used for predicting the conditions and mor
phologies of particular phase changes. Equation 2 ca*
be obtained by taking logarithm of Equation 1: =

In(lnliy>=nlnt+nlnk (2)

Thus, aplotofIn(In(X(1 — y))) againstlrt should yield

a straight line of slom and intercept In k. The plots

of the present data revealed that the time expoment,
for the progress of reversion was found to be abgat 1
without dependence of aging temperature. Christian has
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reported thah is 1/2 on thickening of plate phase by Figure 11 Arrhenius plot for the formation of reverted austenite.

diffusion controlled [18], which is consistent with the
microstructure changes as shown in Fig. 6.

The temperature dependence of transformation ki-
netics can be estimated by the Arrhenius equation given
by Equation 3:

k = kg exp(—%) 3)

wherekg, Q, RandT are constant, the apparent activa-
tion energy, ideal gas constant and the absolute tempe
ature, respectively. Thie value for each temperature,
813 K, 833 K and 853 K, was calculated from each in-
tercept,n In k, and then the relationship betweefill
and Ink was obtained in accordance with Equation 3.:
Fig. 11 shows Arrhenius plot for the formation of re-
vertedy . Linear correlation is found betweeri T and

In k, and the apparent activation energy for the forma: §
tion of revertedy in the present steel can be estimated™
as 240 kJ/mol from the slope of the straight line and

is very close to 245 kJ/mol which is the activation en-
ergy for diffusion of Ni in ferrite [19]. Consequently,

the formation process of revertedn the present steel —4
can be rationalized to be controlled by diffusion of Ni %
in martensite matrix. Since the concentration of Ni in
revertedy has been reported in tempered martensitic=
steels containing Ni [14, 20-22], it is reasonable tha
the experimentally obtained apparent activation energ & E
corresponds to the activation energy for diffusion of Ni@ q)
in ferrite.

For confirming above discussion, the composition
changes of martensite apdwith aging time at 853 K
were examined by using energy disparsive X-ray spec &
troscopy equipped in TEM. The concentrations of main's
four elements, Fe, Cr, Ni and Mo, were analyzed, anc g
the total of concentrations of four elements was esti &
mated as 100 mass%. Cu was excepted from the ane
ysis, because the error become larger due to the pr
cipitation in the martensite. The results of composition
analysis are shown in Fig. 12. The following points
can be seen in this figure: (1) The composition of the

oncentration of each element (mass%)

tration of each el

Conce

80 -
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revertedy dose not change with aging time. (2) Ni con- Figure 12 Composition changes of (a) the martensite and (b) the re-
tent in the reverteg is about 15 mass% which is twice verted austenite with aging time at 853 K.

2251



that in the steel. (3) The decrease in Ni content andn which the reversion of martensite fois observed,
the increase in Fe content with aging time can be seeare found to have both a tensile strength of 1000 MPa
in the martensite, and other contents dose not changgrade and a high absorbed energy of 200 J. The remark-
Consequently, Ni is easily recognized to diffuse to theable improvement of toughness with the reversion can
revertedy from the martensite during aging, which is be attributed to the effective crack arrest mechanism,
consistent with the above discussion about the activawhich is energy absorption duejdo martensite trans-
tion energy. (4) Ni content which ig former increases formation, in the formed duplex microstructure of the
in the reverted’, while Cr content which is ferrite for- revertedy and the aging hardened martensite.
mer conversely increases in the martensite. Therefore, The reasons for the excellent combinations of
C and N which are alsp former may be concentrated strength, ductility and toughness obtained inthe present
to the reverted’. These tendencies may be applicablesteel containg revertegd may be as follows: (1) Non-
to the reversion process at other aging temperaturesnetallic inclusions and impurities were minimized.
Sincey is known to be stabilized with increasing Ni (2) Thes-ferrite dose not remain after solution treat-
content, the reverted involved in the specimen aged ment. (3) Carbides and nitrides can not be observed in
above 773 K is more stable than the retaipedvolved  the specimen aged below 853 K. (4) About 12%te-
in the specimen aged below 773 K. mains after solution treatment. (5) The twins formed on
{112)pccplate were very low in density. (6) The reverted
y is formed during aging above 773 K which is rela-
4.2. The combinations of the strength, tively low temperature. (7) The revertgdmay mainly
ductility and toughness grow from the prior interlath retainegd which exists
The product of tensile strength by elongation,after solution treatment, so that the lamellar duplex mi-
T.S.x El., has been often utilized as the index of thecrostructure of the reverted and the aging hardened
balance between strength and ductility. Its value bemartensite can be formed in each packet, and the inter-
come 24590, 24280, 22009, 22270 and 24362 MPa%ace between those two phases have good coherency.
for each specimen aged at 713 K, 753 K, 773 K, 813 K
and 853 K for 14.4 ks, respectively. These values, which
are approximately constant, are found to be higher thas. Conclusion
that of other martensitic precipitation hardening stain-In the present work, the effects of aging temperature
less steels such as 17-4 PH and PH 13-8 Mo stainlessn the microstructure and mechanical properties of
steels [1]. a newly designed martensitic precipitation hardening
Fig. 13 shows the relationship between the tenstainless steel, which is 1.8Cu-15.9Cr-7.3Ni-1.2Mo-
sile strength and the Charpy V-notch absorbed energlow C, N steel, were experimentally investigated. The
of some martensitic precipitation hardening stainlessnain results are as follows:
steels [1] and the present steel. The present steel aged
at 713 Kfor 14.4 ks is found to have a combinations of 1. Hardness changes of the present steel with aging
tensile strength and absorbed energy in the same levéine may depend on the balance between the softening
as PH 13-8 Mo stainless steel, and the combination iglue to the reversion and the hardening due to the pre-
found to be improved with rising aging temperature be-cipitation. The maximum hardness can be obtained in
cause of remarkable increase in absorbed energy. Thhe specimen aged at around 693 K.
present steels aged at 813 K and 853 K for 14.4 ks, 2. The specimen aged at 753 K for 14.4 ks has a
typical lath martensitic structure with about 12% inter-
lath . On the other hand, the specimens aged at 813 K

250 and 853 K for 14.4 ks have the lamellar duplex mi-
crostructure of the reverted and the aging hardened
—_ martensite.
~ 200f 3. The formation process of revertgds controlled
@ Present steel by diffusion of Ni in martensite, and Ni concentrate
% 150 L A ‘ in the reverted,. The chemical composition of the re-
2 \ vertedy dose not change with aging time.
] ? 4. In the specimens aged at 753 K, 813 K and 853 K
§ 100 k N @ for 14.4 ks, the mean size of precipitates which are en-
g \A\ riched with Cu increases with rising aging temperature,
g- <>\ PH 13-8 Mo however, it is about 30 nm even after aging at 853 K.
5 sof <><> K 5. The.spec'imens aged at 813 K and 853 K for
17-4 PH \0‘0 AA—A 14.4 ks, in which the reversion of martensitejytdas

observed, have the excellent combinations of strength,
ductility and toughness.
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