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High fracture toughness was evaluated according to the
ASTM and chromium (9-12) martensitic steels combine high
strength and toughness with good corrosion and oxidation
resistance in a range of environments, and also show
relatively high creep strength at intermediate temperatures.
They therefore find applications in, for example, the offshore
oil and gas production and chemical industries in pipe work
and reaction vessels, and in high temperature steam plant in
power generation systems. Recently, the use of these
materials in the nuclear field was considered. They are
candidates as tubing materials for fast breeder reactor steam
generators and as structural materials for the first wall and
blanket in fusion reactors.

The effect of ageing on the tensile properties and fracture
toughness of a 12Cr-1Mo-Nb-V steel, MANET II, was
investigated in the present work. Tensile specimens and
compact tension (CT) specimens were aged at 550 °C for
I000 h. The the Japanese standards. Both microstructure and
fracture surface were examined using optical and scanning
electron microscopy (SEM).

The results showed that ageing did not affect the tensile
properties. However, the fracture toughness K!c and the
tearing modules T were reduced due to the ageing treatment.
The results were discussed in the light of the chemical
composition and the fracture surface morphology.
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ABSTRACT

The effect of ageing on the tensile properties and fracture toughness of a 12Cr-
lMo-Nb-V steel, MANET II, was investigated. Tensile specimens and compact ten-
sion (CT) specimens were aged at 550 °C for 1000 h. The fracture toughness was
evaluated according to the American ASTM, European ESIS and Japanese JSME
standards. Fracture surfaces were examined using scanning electron microscopy
(SEM).

The results showed that ageing did not affect the tensile properties. However,
the fracture toughness J]c and the tearing modulus T were reduced due to the ageing
treatment. The results were discussed in the light of the chemical composition and
the fracture surface morphology.

Key Words: MANETSteel/9-12% Cr Martensitic Steels/Fracture Toughness/ J-integral/
Ageing

INTRODUCTION

High chromium (9-12%) martensitic steels combine high strength and toughness with good
corrosion and oxidation resistance in a range of environments, and with relatively high creep strength
at intermediate temperatures. They therefore find applications in, for example, the offshore oil and gas
and chemical industries in pipework and reaction vessels, and in high temperature steam plant in
power generation systems [ 1J. Recently, the use of these materials in the nuclear field was considered.
They have been investigated as fuel cladding materials in fast breeder reactors and are considered
candidates for the first wall/blanket of fusion reactors. These steels have the following advantages
over austenitic stainless steels: better swelling resistance under irradiation, higher thermal conductiv-
ity and lower thermal expansion, which provide improved resistance to thermal stresses, and better
liquid metal corrosion behaviour[2,3]

The chemical composition and the thermomechanical treatment of these steels are designed to
obtain optimum tensile, fatigue, and fracture properties. However, it was shown [e.g. 2,4] that the
fracture toughness of these alloys decreases due to prolonged exposure to high temperatures typical of
those encountered in service. The fracture toughness of these steels is normally assessed by Charpy
impact test. The results of this test, however, cannot be used for design purposes. More important is
the fact that these results cannot be used to characterise the material in terms of its resistance to frac-
ture in the presence of crack-like defects, which would result during service. Such characterisation
needs the use of fracture mechanics which, however, has not often been reported in the literature con-
cerning these steels.

Within the European community technology programme, the martensitic DIN 1.4914 CrNi-
MoVNb steel was chosen for first wall and blanket material and designated MANET (Martensitic
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Alloy for die Next European Torus). The alloy composition was optimised to improve the steel for
fusion applications. Chromium and carbon were reduced to minimise radiation-induced precipitation
and improve welding. Nitrogen was added to compensate for the loss of strength caused by the reduc-
tion of carbon. Low specification levels were set for phosphorous and sulphur to eliminate anisotropic
impact properties, and zirconium was added to reduce the effect of sulphur on toughness [2].

The Charpy impact properties of MANET II steel |5.6] as well as the effect of thermal ageing
on these properties |6 | have been evaluated. The objective of the present study was to characterise the
fracture toughness properties of this material through fracture mechanics techniques, namely
J-integral, using the American, European, and Japanese methods.

EXPERIMENTAL PROCEDURES

1 Material and Heat Treatment

The material used in the present investigation was received as hot rolled plates of 12 and 30
mm thickness, with the chemical composition given in Table 1. These plates were then given the stan-
dard normalisation and tempering treatment for this alloy; Nonnalisation: solution treatment at 1075
°C for 0 5 h followed by air cooling, and tempering : at 750 °C for 2 h followed by air cooling. The
normalized and tempered (N&T) plates were used to manufacture the test specimens. Portion of these
specimens were aged at .550 "C for 1000 h iti vacuum.

2 Testing
2.1 Tensile Testing

Tensile tests were carried out to obtain the tensile data required for the analysis of the fracture
toughness tests. Round tensile specimens of 60 mm gauge length and 6 mm gauge diameter were used.
The specimens were manufactured from a 12 mm plate in the transverse (TL) direction. Tests were
carried out at room temperature at nominal strain rate 1.2 x 10 4 s"'on an Instron Universal Testing
machine model ! 185. The yield strength at 0.2% offset, ay and the ultimate strength ,CT^ were deter-
mined for both N&T and aged conditions.

2.2 Fracture Toughness Testing

Standard compact tension (CT), Fig. 1,specimens with thickness B=25 mm and width W=50
nun were manufactured by erosion from the N&T 30 nun- thick plate. The specimens were machined
in the transverse (TL) orientation The specimens were fatigue precracked according to ASTM speci-
fications [7] to crack length (aVW) = 0.6 using a servohydraulic machine. The frequency of precrack-
ing was 30 Hz and the R-ratio was R = 0.1. The initial maximum value of the precracking load was
18 kN. For the final 4 mm of fatigue precrack extension the maximum load was reduced to 10 kN to
avoid plasticity effects. In the case of the aged specimens, precracking was carried out after the ageing
treatment. All the specimens were precracked prior to side-groove machining in order to produce
nearly straight fatigue precrack front |7 | Specimens were side-grooved to a total reduction of 20 % of
the original thickness, i.e., the side -groove depth was 2.5 mm on each side.

The fracture toughness tests were performed at room temperature on an Instron Universal ma-
chine model I 185 under displacement control with crosshead speed of 0.5mm/min. Displacement was
measured on the load-line by a clip gauge attached to razor blade knife edges fixed at the front face of
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the notch. During each test, the load-line displacement was recorded continuously on an X-Y recorder
as a function of load.

The fracture toughness behaviour was determined by the multiple-specimen technique accord-
ing to American ASTM [8] European ESIS [9] and Japanese JSME [10] standards.

2.2.1 ASTM and ESIS methods

In the ASTM and ESIS procedures, CT specimens are loaded to selected different displace-
ment levels to produce different amounts of crack extension, Aa, and then unloaded. After unloading,
the specimens are broken by fatigue cycling which will mark the amount of crack extension that oc-
curred during loading. The frequency of refatigueing was 30 Hz and the maximum load was 30 kN.
High R-ratio of about 0.6 was used to facilitate distinguishing the re-fatigue fracture surface from the
fracture surface created by ductile tearing [9] .The original crack size, a,, ,and the final crack size, a,
were measured at nine equally spaced points along the specimen net thickness in accordance with
ASTM [8] . For crack growth Aa > 0.1 mm a light microscope was used while SEM was used
for Aa < 0.1mm.

The value of J-integral for each specimen was determined from the load vs. load-line dis-
placement curve by the equation [8].

J = J,i + JP. (1)
where

Jci = elastic component of J, and

Jpi = plastic component of J

(B B» W)]

with:

(3)

(\-aJW)m

and

l(2+aoAV)(0.886+4.64(aoAV)-13.32(aoAV)2+14.72(aoAV)3-5.6(aoAV)4)]

where
K = stress intensity factor,
u = Poisson's ratio,
E = modulus of elasticity,
P = value of load at unloading point,
Api = area under the load-displacement curve,
BN = net specimen thickness = 20 mm
b0 = uncracked ligament = W-a,,, and
n = 2+0.522



The J-integral values obtained were then plotted against the corresponding measured crack
growth Aa values to construct the J-R curve. A power law curve fitting procedure was used.

To determine the Jic value, a blunting line is first plotted. In the ASTM method, this line is
drawn in accordance with the equation [8J:

J = 2 o f A a (5)
where

Of = 1/2 (cTy + au)

On the other hand, the equation of the blunting line used in the ESIS procedure is [9]:

J = (l/d*n)(AaE) (6)

where d*n is a function of the material tensile properties determined in accordance with reference 11.
A provisional value (JQ ) for the J)c is then defined by the intersection of an offset line parallel to the
blunting line at an offset value of 0.2 mm. JQ will be valid Jic if [8]

B,bo>25JQ/a f (7)

The ESIS defines another J value for the initiation of ductile fracture, JJSZW/R It is defined by
the point on the J-R corresponding to Aa = SZWC, where SZWC is the critical stretch zone width as
shown later.

2.2.2 JSME Method

The JSME method for J|C determination depends mainly on the measurement of SZW. The
idea is that when a fatigue-precracked specimen is subjected to an increasing load, the crack tip under-
goes a blunting process before a stable fracture can take place. The deformed material ahead of the
crack tip undergoes a Poissons ratio contraction, which results in an advance of the crack tip by an
amount called stretch zone width. SZW increases with increasing load until the SZW reaches a criti-
cal value at which ductile tearing is initiated. After the initiation of the ductile fracture the SZW does
not increase

The JSME procedure includes loading the specimens to selected different displacement levels
as in the ASTM and ESIS methods. The difference, however, is that two or more specimens are loaded
to displacement levels that are lower than those at the onset of ductile tearing, i.e., stretched zone only
is formed. The other specimens, three or more, are loaded similar to those in the ASTM and ESIS. Re-
fatigue cycling is applied as above to mark the crack extension and fracture the specimens.

The subcritical and critical SZWs are measured and the corresponding J integral values are
calculated as above. The J-SZW data of the group of specimens unloaded before the onset of ductile
tearing are used to establish the blunting line, which is the best-fit through the origin. On the other
hand, the critical stretch zone width (SZWC) is determined as the average of SZW of the other group of
specimens. The intersection of the blunting line and the line SZW =SZWC defines a value called Jin.
Jm equals valid J,c if the requirements in equation (7) above are satisfied.
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In the present work 14 CT specimens, 7 N&T and 7 aged, were tested. The SZW was meas-
ured using SEM. Measurements were carried out according to the 9-points method. At each of these 9
locations, the SZW was averaged over 10 equally- spaced points i.e., the SZW used here was the av-
erage of 90 measurements for each specimen.

RESULTS

1 Tensile Properties

Results of tensile tests of both N&T and aged conditions are given in table 2. These results
show that ageing treatment for 1000 h at 550 °C, almost did not affect ay, au, or the ductility of the
investigated material.

2 Fracture Toughness

Typical fracture surfaces of CT specimen loaded to different levels of crack extension are
given in Fig.2. Both the original crack length, ao , and the final crack length, a, satisfied the ASTM
conditions which require that the difference between the crack length at any of the 9 measurement
points and the average crack length be less than 7% of the average crack length. The crack extension,
Aa, also satisfied the requirement that the difference of the two near- surface Aa measurements and Aa
at the centre be less than 0.02W, i.e., less than 1 mm.

The J integral versus crack extension (J-R) curves are shown in Figs. 3 and 4 according to
ASTM and ES1S methods, respectively. On the other hand, Fig. 5 shows the relation J-SZW accord-
ing to JSME method.

Figures 3 and 4 show that the power law curves fitted appropriately the data points. The J-Aa
equations for N&T and aged conditions, respectively, were

JNM=372.9 (Aa)0428 (8)

^ = 3 3 2 . 4 (Aa)0434 (9)

The ASTM and ESIS methods require that the data points for Aa < 0.15 mm and
Aa < 0.2mm, respectively, be excluded from the data for the curve fitting process. However, the
curves constructed by fitting die remaining points matched perfectly these excluded data points (two
points).

The data of the N&T condition were those obtained by testing seven specimens unloaded after
different displacement levels. Two of these specimens were unloaded before the initiation of ductile
fracture, i.e., only stretched zone was formed. The data of the aged condition were also the results of
testing seven specimens. However, in two of these specimens the stable crack growth was curtailed by
the intervention of cleavage fracture, Fig.6. This represents a violation of the requirements of the stan-
dards. One of these two specimens was loaded to Aa=0.75 mm while the other was loaded to Aa=0.85
mm (closed symbols in Figs. 3 and 4). We will refer to these two specimens as "instable" specimens.
The other five aged specimens were unloaded after attaining different levels of stable crack growth.
One should note that two of these specimens were loaded to Aa and J values higher than those of the
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invalid two cases. If the invalid data points are excluded, the remaining five data points are enough to
give valid J-R curve.

The SZW was measured on the fracture surface of both N&T and aged specimens. It was
mentioned above that two of the N&T specimens showed stretched zone only. The SZW of these
specimens (0.05 and 0.06 mm) were used to draw the blunting line in the JSME method, Fig.5. On the
other hand, no similar data points were obtained for the aged condition. All the aged specimens were
loaded beyond the blunting stage. However, according to JSME standard, the blunting line based on
N&T data was used also for the aged condition. It was shown [10] that the J-SZW blunting line is a
structure-insensitive material property. The SZW values of the remaining N&T specimens and those
of the aged specimens were averaged to get the critical SZW (SZWC) for each condition. The SZWC

were 0.08 and 0.068 mm, respectively.

The intersection of the 0.2 mm offset line (parallel to the blunting line) with the J-R curves in
Figs. 3 and 4, and the intersection of the blunting line with the line SZW = SZWC in Fig.5 define pro-
visional values (JQ) for the Jic. These values are given in Table 3. Table 3 shows also the values of
Jiszw/R according to the ESIS method, which is defined by the intersection of the line Aa =SZWc and
the J-R curves in Fig.4. All the J-integral values given in Table 3 satisfied the conditions for valid Jic
given by equation (7).

The slope of the crack growth resistance curve is another important fracture toughness pa-
rameter. It is usually evaluated in terms of the non dimensional tearing modulus T [12],
where,

T - E * nm
Or da

Tearing modulus is used to assess the crack growth toughness whereas Jic characterises crack initia-
tion toughness. The present data were used to calculate the variation of T with crack extension for
both N&T and aged conditions and the results are illustrated in Fig. 7.

Figure 8 shows typical SEM fractograph for N&T specimens. The fracture was by ductile
dimple fracture mode. Mixture of large and small dimples as well as tear ridges were observed. The
aged specimens showed the same features. A semiquantitative composition analysis was made by en-
ergy despersive X-ray analysis (EDX) for the particles observed inside the dimples and the results are
shown in Fig. 9. The EDX spectrum for the matrix is shown in Fig.9-e for comparison. Most of the
particles were rich in Cr, some were rich in Nb, some others were rich in S and Mn, and occasionally
large particles rich in Zr were observed.

DISCUSSION

The most dominate ductile fracture mode in structural steels is that which involves nucleation,
growth, and coalescence of voids. Voids nucleate at second phase particles by fracture of these parti-
cles or by decohesion of the particle/matrix interface. When large and small second phase particles are
present, primary voids are initiated at the large particles, but before they could coalesce many small
voids, or void sheets, are nucleated at smaller particles in the remaining highly strained ligaments. It
was shown [4,13] that, in 9 and 12%Cr martensitic steels, the initiation sites for void (or dimple)
formation are primarily alloy carbides which precipitate at martensite lath boundaries and prior aus-
tenite grain boundaries. Therefore, toughness can be enhanced through reducing the size of the carbide
particles and/or their density. This was achieved in the investigated material through the addition of



Nb and V and the reduction of the C content. Nb enables obtaining fine distribution of M23 C6 parti-
cles, which nucleate on Nb(C,N) which first appears during the heat treatment, while V enters M23 C6

and retards its growth 114]. On the other hand, by reducing the C content the number of participated
carbides is presumably reduced.

The ductile fracture properties of 9-12% Cr steels may be degraded by exposure to high tem-
peratures. This has been demonstrated for several 9 Cr-lMo and 12Cr-lMo steels[e.g. 4,15]. The mi-
crostructural changes, take place during such exposures, affect the ease with which deformation-
induced voids from at precipitates. After short term exposure, this results from P segregation to car-
bide/matrix interfaces, which promotes void formation by interfacial decohesion. After long term ex-
posure, there is an increased availability of potential sites for void nucleation provided by a Laves
phase, Fe2Mo, precipitates [4|.

Ageing at 550 °C for 1000 h resulted in a little effect on the impact properties of the investi-
gated material (15°C increase in the ductile-to-brittle transition temperature and no reduction in the
upper shelf energy) |6|. This was attributed to the low P content (0.004%) of this alloy. Laves phase,
Fe2Mo, is not expected to play a role in the embrittlement caused by this ageing treatment, due to the
relatively short ageing time and relatively low Mo content. This could also be attributed to the rela-
tively low Si content of MANET II which was 0.18% compared to 0.4-0.7% normally present in other
similar steels [ 16|. Si was shown to increase the precipitation of the Laves phase [17].

The present results ( Figs. 3-5 and 7 and Table 3) illustrate the fracture toughness parameters
of MANET II steel in both the N&T condition and after ageing at 550°C for 1000 h. One should note
that Table 3 comprises two different groups of J. The first group contains Jic (ASTM) and J]c (ESIS)
while the second contains Jic (JSME) and JJSZW/R(ESIS). The values of the second group correspond to
"physical" crack initiation, i.e., at nearly zero crack growth, while those of the first group define
"practical" or "engineering" crack initiation as they define the material resistance to crack growth at a
specified small amount. 0.2 mm, of crack growth (this is similar to the definition of the yield strength
at 0.2% strain offset). The result of this difference is that the J values of the first group are higher than
those of the second one, as shown in Table 3. On the other hand, the differences inside each group are
due to the differences in the definition of the blunting line (first group) or the definition of trie initiation
point (second group), as shown above in the experimental procedures section.

Despite the above mentioned differences, Table 3 shows that all the Ju and J| parameters ex-
perienced nearly equal percentage reductions, about 15%, due to the ageing treatment. The J-R curves,
Figs. 3&4, show that the fracture toughness, as measured by the J parameter, of the aged material was
lower than that of the N&T material for all the ductile crack growth values studied. Similarly, the
tearing modulus T, Fig.7, was reduced by about 13%.

Let's now consider the case of the two (instable) aged specimens failed by cleavage fracture after
some ductile growth. The processes that cause a growing stable ductile crack to change into cleavage
mode may be difficult to ascertain correctly. Cleavage fracture can initiate, directly, from the stably
growing ductile crack, or, alternatively, a ductile instability takes place first, and the large rates asso-
ciated with this instability may trigger cleavage after a very small amount of fast ductile fracture [18].

From the energy point of view, the stability of crack growth is related to the balance between
the amount of energy absorbed in cracking (or the fracture toughness) and the driving force, or the
amount of energy (from stored strain energy, in both the specimen and the loading system, and exter-
nal work) available to feed the crack [19,20]. The crack growth is stable if the rate of increase of the
driving force does not exceed the rate of increase of the material's resistance to crack growth (or the
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tearing modulus). Unstable crack growth will take place when there is sufficient energy, available in
the system, to tip the balance. The rate at which strain energy may be released depends very much on
the geometry of the specimen (including size and shape of the crack) and the compliance of the loading
system [I9 | .

Examination of the CT specimens tested in the present investigation showed that the only
geometrical difference between one specimen and the other was in the original (or the starter) crack
length ao. The difference was, however, very small. Most ao values were between 29 and 30 mm. ao of
the two "instable" aged specimen were 29.13 and 29.25 mm. In the case of the first specimen, insta-
bility took place at Aa = 0.75 mm and J = 279 N/mm, while in the second the corresponding values
were 0.85 mm and 305 N/mm. The fracture load was 67.2 and 66.4 kN, respectively. There were two
other aged specimens which were loaded to higher Aa and J values without instabilities. The first had
ao - 29.3 and was loaded to Aa = 0.97 mm, J=330 N/mm and the maximum load was 66.2 kN, while
the second had ao=30.2 mm and was loaded to Aa =1.28 mm, J =377 N/mm and the maximum load
was 58.6 kN.

It seems that the original crack length in the case of the two "instable" specimens was short
enough, combined with the degradation in the tearing modules T due to ageing (Fig.7), to cause in-
stability. Shorter original crack causes the crack initiation load to rise higher than it would have done
had the original crack been longer. It was shown [19] that unstable propagation from shorter starter
crack lengths will occur sooner than from longer ones.

The ASTM method requires that "the original crack lengths should be as close as possible".
The objective is "to replicate the initial portion of the load versus load-line displacement traces as
much as possible". However, the present results show that small variations in the original crack length
could be very critical. A very small increase or decrease in ao could render the results "valid" or
"invalid", respectively It is believed that the standard methods should give more consideration to this
subject.

CONCLUSIONS

The fracture toughness of alloy MANET II, for both N&T and after ageing at 550 °C
for 1000 h, was characterised at room temperature using elastic-plastic fracture mechanics techniques
according to American ASTM, European ES1S, and Japanese JSME standards methods. The main
conclusions are:

• The fracture toughness of the aged material was lower than that of N&T material for all crack ex-
tension values.

• The three methods showed close values for the effect of the ageing treatment. J]c and Jj were re-
duced by about 15% and the tearing modulus T was reduced by about 13%.

• Very small variations in the original crack length can have critical impact on the validity of the re-
sults, at least when the steel has low tearing modulus.
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Table 1 Chemical Composition of 1.4914 MANET II Steel (wt%)

Element

C

Si

Mn

P

S

Cr

Ni

Mo

wt%

0.10

0.18

0.76

0.004

0.005

10.37

0.65

0.58

Element

V

Nb

B

N

Al

Co

Cu

Zr

wt%

0.21

0.16

0.0075

0.032

0.007

0.005

0.01

0.008

Table 2 Effect of ageing on the Tensile Properties of MANET II Stee!

N & T

Aged

ay,MPa

736

753

ou,MPa

845

854

EL.%

12.8

12.7

Table 3 Jic and J, values of MANET II steel

Method

Condition

N&T

Aged

ASTM

Jic,N/nun

240

204

ESIS

Jic, N/inm

215

187

Jiszw/R,N/mm

127

105

JSME

Jic,N/mm

163

139
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Fig I Side-grooved CT specimen

Fig.2 Typical fracture surfaces of CT specimens unloaded after different levels of crack
growth (indicated by arrows).
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Fig.3:J—R curve of MANET II steel according to ASTM method.

Closed square syrnpols identify two invalid data points.

E
E

500-1

400

300

O

(U 200

100-

0.00 0.50 1.00

delta a,mm
Fig.4:J-R curve of MANET II steel according to ESIS method.
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500

400-

300-

qj 200

100-

* * * * * N&T
aaaaaN&T+550 C/1000 h D *

al
D I

g
I

0.00 0.05

SZW, mm

Fig.5 : J-SZW relation for MANET II steel according to JSME method

Fig.6 : Fracture surface of aged specimen failed by brittle fracture after 0.85 mm ductile crack
growth, (a) shows fatigue precrack FPC, ductile fracture DF, and brittle fracture BF, while (b)
shows higher magnification of the brittle zone, where the fracture is by quasi-cleavage mode.
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Fig.7 : T-Aa relation for MANET II steel.

Fig -8 : SEM fractograph for the fracture surface of N&T specimem.
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Fig. 9 Typical EDX spectrums of particles, observed
on the fracture surfaces, rich in (a) Cr (b) Nb
(c) SandMn (d)Zr and (e) matrix
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