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Fracture Behavior of Aged 15Cr-5Ni Stainless Steel
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1.INTRODUCTION

Precipitation Hardening (PH) martensitic stain
less steels have stregg corrosion resistance with
high tensile strength. Thus,
have been studying actively the effect of preci

some  researchers

pitation hardening on stainless steel[1,2]. Espect
ally, 15 5 precipifation hardening (PH) stainless
steel, which contains both about 15 % Cr and 5
% Ni,
prepared by precipifating Cu elements. Because
of its high quality, the material has been used
in structural elementg, which recquires a high
reliability, such as the space shuttle and nuclear

is a high strength material that wasg

power plants. Therefore, it is very important to
clarify the mechanical properties such ag frac
ture toughness and fatigue behaviour.

In this study, from this point of view, the
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fracture toughness and the registance to fatigue
crack growth and mitiation of 15 5 PH stamless
steels which were heat freated at various tem
peratiures were investigated. The effect of pre
loading on fatigue crack mifiation lLife of notched
specimen 1s alse discussed.

2. EXPERIMENTAL PROCEDURE

2.1 Materials and Specimen

The chemical composition of 15 SPH (Prec
pitation Hardening) stainless steel is listed in
Table 1. This material contained about 15
masgs? of Cr and 5 mass® of Ni, regpectively.
Especially, about 3 mass? of Cu was contained
in this material as a precipitate The material
was solution freated at 1038 T for 1 hour and
then heat treated at temperature of 482 T, 579
T and 621
mechanical properties of tested maferials are
also listed in Table 2. Specimen A has the
highest tensile strength of 1365 MPa and Vic
kers hardness of 440, and specimen C has the
lowest tensile strength 1073 MPa and Vickers

T, respectively, see Table 2. The
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Table 1 Chemical composition of the material [magss®6).

C 51 Mn F 5

Ni

Cr

Cu

Nb Ta

003 0.61 (.69 0008 | 0.003

4.19

15.09

001 326

0.27 <001

Table 2 Heat freatment Conditions.

) Precipitation
Solution Heat

Hardening Heat
Treatment

Sample Name
treament

Tensile
Strength (MPa)

Yeilding
Strength(MPa)

Vickers
Hardness

Specimen A 4827 < 1h

1365

1262

440

Specimen B 10387 < 1h 57T x 1h

1673

1040

360

Specimen C 6217 x 1h

941

7o

319

hardness of 319, Specimen B, on the other hand,
has the middle ones.

2.2 Expermental Method

The dimension and shape of the specimens
are shown in Fig. 1. The gpecimen fype A, gee
Fig. 1 (a), was used for fracture toughness test
crack  growth test while the
specimen type B, see Fig. 1 (b), was applied for
fatipue crack imitiation test.

and fatigue

The fracture toughness test was carried out
at room temperature in accordance with ASTM
E339 83 [3] and ASTM E813 89 [4]. The
fatigue crack growth fests were conducted at
room temperature using an electrohydraulic fati
gue test machine in accordance with ASTM
E647 95a  [G]. as
follow: sine wave loading, frequency of 3 10 Hz

The test conditions were

and stress ratio, R 0.1

The fatigie
performed using nofched CT specimen with a
noteh rading of 0.1 and 0.3 mm. These fests
was performed at a frequency of 10 30 Hg,

crack initiation tests were

R 0.lgmne wave at room temperature in air
To the effect of
regidiial  stresges on the fatigue strength of
notched notched
tensile preloaded.
The pre load were applied of 8N and 1ZkN
and the test wasg carried out at room tem

investigate compressive

specimen, Specimens  Were

perature in air.
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Fig. 1 Dimension and shape of specimens
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3. RESULTS AND DISCUSSION

3.1 Fracture Toughness

Typical load digplacement curves of specimen
A B and C are shown in Fig. 2. In gpecimen A,
see Fig. 2, fracture toughness was evaluated in
with ASTM E339 83 becauge a
linear relationship was observed between load

accordance

and digplacement. On the other hand, in cage of
specimen B and O, fracture toughness was
evaluated in accordance with ASTM E339 29
because of its non linear relationship. Especially,
a fracture pattern of specimen C showed a
remarkable ductility and stable crack growth
wag obgerved Thus, fracture toughness value

A i
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Fig. 2 Displacement at load point, [mm]
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Fig. 3 ] R curves of specimen C

was determined using ] R curve. The results
are shown in Fig. 3. Three test specimens were
used in this experiment. Resistance to stahle
crack growth, dJ/da, was about 62 62 and 60
kPa - m/mm for test specimen of Cl1 , C2 and

e £

W

Sotn el

Fig. 4 SEM rphotographs of fracture surface of
(a) Specimen A, (b) gpecimen B and
(¢) Specimen C.

C3, respectively. The test results of fracture
toughness are listed m TABLE 3. Specimen C
which was heat treated at 621 T for 4 hour,
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Table 3 Fracture foughness fest results.

Sample Name Fracture toughness [ MPa - m™®°] Remark
Specimen A 54.7 53.2 K
Specimen B 166.6 172.2 149.8 Ke()
Specimen C 2556 297.1 287.2 Ki=(J?

the average fracture toughness value, KIC(]), is
about 280 MPav/'m, and is higher than that of
specimen A or B.

Fig. 4 shows the SEM photographs of fracture
surface for specimen A, B and C. In specimen
A, see Fig. 4(a), the cleavage fracture planes
were observed mainly on all fracture surfaces. It
1z considered that fracture toughness of spect
men A shows the lowest value of about 50 MPa
vm due to its cleavage fracture. In specimen C
that has the highest toughness value, small and
large dimples were observed on the fracture
surface. On the other hand, fracture surface of
consisted of both small
dimples{ <5um) and cleavage fracture planes.

specimen B were

3.2 Fatigue Crack Growth Behaviour

Fig. 5 relationship between crack
growth rate, da/dN, and stress intensity factor
rangeAK, of gpecimens A, B and C. The m
value of specimen A, B and C is 4.02, 317 and

shows
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Fig. 5 Relationship between crack growth rate
and stress intensity factor range

3.02 respectively. From this fipure, it i1s can be
seen that specimen A had the lowest resistance
to fatigue crack growth compared fo specimens
B and C. In contrast, specimen C that was heat
treated at higher temperature of 621 T than
that of specimen A and B, showed the lowest
fatigwe crack growth rate, ie., gpecimen C has
the highest resistance to fatigue crack growth
However, the threshold stress intensity factor,d

FPlundergraninidar frsoaiar

20 e

I ; g ”%.
Fig. 6 SEM photographs of fatigue fracture
gsurface of specimen B
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Kth, is about & MPayv'm and showed the same
value for all materials.

SEM photographs of fracture surface for spect
men B are shown in Fig. 6. The intergranular
fracture planes were mainly observed on fafigue
fractizre surface when the specimen applied at
stress of AK of <15 MPa+v'm, which was
shown in Fig. 6(a). Besides, on the fatigue
fractiure surface where applied at high AK of >
40 MPa+/m, the striation could be observed
frequently. The SEM photograph of striation, see
Fig. 6(b), where had been formed at AK 40
MPa+v/'m, the distance of striation is about .51
m and it was in agreement with the results of
Fig. 5 However, the intergranular fracture plane
and the striation could not be observed on the
fatigue fracture surface of specimen A.

3.3 Fatigue Crack Initiation Life of the Notched
Specimen

Fig. 7 gshowsg that the relationship between the

number of cycles to fatigue crack initiation life,

Ni, and stress intensity factor rangeAKp, as a

function of notch radius, p.

cycles when fatigue crack was mitiated and then

Ni is a number of

propagated over a distance of 0.5 mm from the
notch tip. For all specimens, AKp decrease with
increasing fatigue crack initiation life.

The fatigue crack inifiation limit, AKplim,
was defined as the AKp at which the fatigue
crack had not mitiated on specimen surface until
the number of cycles reached to 2 x 106 cvcles.
The AKp, Im atp 0.3 mm ig higher than that
of at p 0.1 mm for all specimen, see Fig. 7{(a),
(b) and (¢). When notch radius, p, is 0.lmm,
see Fig. 7(d), the AKplim of specimen C is
about 10 MPav'm and is higher than that of
specimen B and C. In case of p 0.3 mm,
however, fatigue crack AKplim, of
specimen A was abouf 20 MPav'm which was
the highest value of among the specimen AB
and C. From the above results, it is concluded
that specimens C heat treated at 621 T have a
low resistance fo fatigue crack initiation when
p is 0.3 mm although it have a high toughness.
A has no good

inttiation,

In confrast, specimen
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Fig. 7 Relationship hetween the mumber of
cycles to fatigue crack imitiation life, N
and stress mtensity factor range, AK,,
as a function of notch radius.
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Fig. 7 Continued (d), (&)

resistance to fatigue crack growth but has a
high resgistance to fatigue crack initiation in
is 0.3
mm. If mavy be considered that the improved
resistance to fatigue crack initiation caused to
its high hardness and tensile strength. Buf, at
# 0.1 mm, the resistance to crack inftiation of
specimen A shows a litfle lower than that of
specimen C. On the other hand, a lowering rates
of fatigue crack nitiation Hhmit is denoted o,
a {1 (AKp O.1mm, lim/AKp 0.3mm,lim
Ix100%4). The ¢ of specimen C is about 32%
and showed the

comparison with specimen C when p

lowest value among the

gpecimen AB and C. This means that the
resistance to fafigue ecrack inifiaftion of gpecimen
C is less sensitive to the stress concentration in

comparison with gpecitnen A and B.

34 Improvement of Fatigue Strength of Notched
Specimen by Pre-Loading

To improve of fatigpue crack initiation resis
tance of notched specimen, a tensile preload was
applied to the specimen before fatigue crack
initiation tegt. In this fest, the specimen C with
of (.3 mm was used. The
relationship between conditions of pre loading
and the fafigue crack inifiation limit, AKplim ,
of the notched specimen C iz shown in Fig. &

notch radius

The AKplim of as received specimen is about
16 MPay/'m. When the tensile pre load is 8kN,
the AKplm is about 25 MPav'm and improved
of 93% in comparison with as received
gspecimen. Furthermore, the AKplim at a
pre load of 12kN is about 30 MPa+/'m and wag
about two times higher than that of as received
gpecimen. We congidered that the improvement
is due to the infroduction of compressive
residiial stregses at notch tip due to pre tensile

Ioading over vield point.
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Fig. 8 Relationship between conditions of pre
loading and the limit of stress intensity

factor range, A, for notched specimen.
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4 CONCLUSICNS

The main fest results obtamned in thiz study

are as follow:

1

2)

3

4)

5)

&)

1.

2.

Specimen C that was heat treated at 6217
for 4 hours has a high foughness value of
about 280 MPa +/m.

From SEM observation results, It was found
that the fracture surface of specimen C was
covered mainly by dimples, while the
cleavage fracture planes were observed on
fracture surface of specimen A, On the other
hand, in specimen B, the {fracture surface

congisted of both  small dimples and
cleavage fracture planes.
Specimen A  heat freated at the lowest

temperature of 482 T showed the lowest
resistance to fatigue crack growth and the m
value of Paris law clogse to 4.

For all
decreaging the fatigue crack initiation kmitA

specimens, p is decreased with
Kp, lim, and specimen C showed the highest
registance to fatigue crack initiation when p
is 0.1 mm, but showed the lowest resistance
at p
In case of p

0.3 mm.

.3 mm, the fatigue crack
inmitiafion hmit, AKp, lim, of specimen A
showed the highest value of about 20 MPa
~/m and it can be seen that specimen A had
a good resistance to fatigue crack intiation,
although it had a lower resgistance to fatigue
crack growth than that of gpecimen B and C.
Introduction of compressive residual stress at
notch tip due to pre loading over yield point
wasg ugeful method to improve the fatigue
strength of the notched specimen
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