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ABSTRACT The influence of step cooling heat treatment (SCHT) on the embrittlement of
2.25Cr-iIMo pressure vessel steel was studied. Tensile properties, Charpy ‘V’-notch fracture
behaviour, fracture toughness, and critical tensile stress for brittle fracture initiation were mea-
sured in both unembrittled and embrittled (after SCHT) materials. Variation in vield stress and
ultimate tensile stress with temperature was not influenced by SCHT; only a significant decrease
in fracture stress at liquid nitrogen temperature can be observed after SCHT. The ductile-to-
brittle transition temperature of Charpy specimens was shifted after SCHT by 30°C, The use of
Weibulf statistics for the assessment of critical tensile stresses for brittle fracture initiation
showed that this material constant in the as-received state obeys very well two parameter cumu-
lative distribution function. After SCHT, however, double population in a set of measured
values was found. One set had the same values of stress as in the as-received state, while the
other displayed much lower values. In this set a mixed-mode fracture mechanism of inter-
granular cracking with the transgranular cleavage was found using a scanning electron micro-
scope. These results proved the heterogeneous charzcter of segregation processes during SCHT.

The median and lower bound fracture toughness temperature curves for unstable brittle initi-
ated fracture were shifted towards higher temperatures due to SCHT. The transition tem-
perature below which this fracture mode occurred was not influenced by SCHT.

Inéroduction

Various components in power generating plants and chemical plants produced
from low alloy steels and operating in the critical temperature range from
350°C to 550°C may become embrittled during their service life (1}-(4). This
brittle behaviour manifests itself as an increase in the notch bar ductile-to-
brittle fracturc appearance transition temperature (FATT) and as a decrease in
the toughness of these steels.

Long term temperature ageing tests (7){11) or accelerated heat treatment
procedures known as step cooling heat treatment (SCHT) (12} are the methods
used to produce embrittlement and thus make it possible to study changes in
microstruciure, in mechanical properties and the susceptibility of a given steel
to embrittlement.

Whilst earlier investigations were concerned mainly with temper embrit-
tlement of Cr-Ni, and Cr-Ni—Mo steels for rotor forgings (5}(7), recent
papers have been concentrated on the study of this phenomenon in Mn—Ni-
Mo, Cr-Mo and Cr—Mo-V pressure vessel steels (e.g., (11)(12)). Many papers
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were concerned with 2.25Cr—1Mo steel. The degree of embrittlement of this
particular steel was assessed predominantly by the shift in of FATT (17)(19).
Much less is known about the shifting of the fracture toughness/temperature
dependence (20) and there are practically no data concerning the variation in
the critical tensile stress due to embrittlement,

The subject of this paper is the investigation of the influence of SCHT on
tensile properties, the transition behaviour of Charpy and fracture toughness
test specimens and the critical tensile stress for brittle fracture initiation of
2.25Cr-1Mo steel.

Material, experimental method

A commercially produced plate with dimensions of 12 m x 1 m x 0.08 m was
used to make blanks. The heat treatment of the plate (austenitizing 940°C, air
cooling, tempering 720°C, air cooling) was carried out by the supplier. The
chemical composition (weight percent) was as follows:

C Mn Si Cr Mo Ni P s 14 Cu %4 Sn Sk As Al

014 055 025 238 095 035 0018 0009 001 008 001 0008 0009 0012 0015

This results in a Watanabe embrittlement factor (J) for Cr—Mo steel (27)
(J = (Mn + Si)(P + Sn).10%) of 208. The resulting microstructure was one of
tempered bainite. Blanks 30 mm thick, 55 mm wide, and 270 mm long were
taken from the middle part of the plate thickness. One set of the blanks was
kept in the as-received condition, the other being heat treated by SCHT of the
type SOCAL [Grosse-Woerdemann and Dittrich (12)]. The following speci-
mens were made from both sets of blanks:

— cylindrical specimens for tensile testing with a diameter of 6 mm and a
gauge length of 30 mm;

— Charpy ‘V’ notch specimens for standard and instrumented impact tests and
for static testing;

- single edge notch bend specimens (SENB) 25 mm thick, 50 mm wide, and
255 mm long for measurement of the fracture toughness.

The orientation of all specimens was L-T.

Tensile tests were carried out in the temperature range from —196°C to
ambient. The SENB specimens were fatigue precracked according to ASTM
E-399. The specimens were loaded by three point bending under displacement
control. Inductive gauges were used for the measurement of load and crack
opening displacement. Static tests were carried out in the temperature range
from —170°C to ambient temperature, the stress intensity factor rate (K,) in
the clastic region being 2 MPa m'/? g1,

Instrumented impact testing and static testing of Charpy specimens were
carried out only in the temperature range in which brittle fracture occurred.
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Load/deflection diagrams were recorded during testing, The aim of tests was
to estimate the critical tensile stress for brittle fracture initiation.

Results and discussion

Tensile properties

Yield stress R, ultimate temsile stress R, nominal fracture stress ogg
(fracture load divided by fracture area) and reduction in area RA versus tem-
perature are presented in Fig. I. The results show that the yield stress R, and
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Fig1 The dependence of yield stress R, ultimate tensile stress R, fracture stress op, and
reduction of area RA on temperature
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the ultimate tenmsile stress R, are not influenced by SCHT and that both
tensile characteristics increase with decrcasing temperature. This means that
the dislocation mechanism controlling yield stress, strain hardening, and the
ultimate tensile stress are not influenced by SCHT,

Only ductile failure with high RA values slowly decreasing with decreasing
temperature can be observed for the as-received condition. The nominal frac-
ture stress opy for this condition increases moderately with decreasing tem-
perature. In the case of the SCHT condition, both the ductile cup-cone failure
with a high RA value, and the flat fracture without necking with a low RA
value and markedly lower fracture stress can be observed. A temperature of
—180°C can be designated as the ductility transition temperature (21) for
plain tensile specimens of the SCHT condition. These results prove that
changes in the structure of a 2.25Cr-1Mo steel occur as a result of SCHT.
According to various authors (4)(12)(22), the susceptibility of a given steel to
temper embrittlement or to long term temperature embrittlement can be
established by SCHT. Embrittlement is caused by the segregation of impurities
along grain boundaries followed by intergranular fracture at lower fracture
stresses and higher temperatures {8)(23). This was the case for specimens
having low values for nominal fracture stress, Fig. 2. However, these results
also suggest that some regions of the blanks suffer more embrittiement after
SCHT than others, indicating the heterogeneous character of the segregation
processes.

Fig2 The appearance of the fracture of a SCHT specimen with low nominal fracture stress
(testing temperature — 196°C)
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Charpy ‘V’ notch properties — standard testing

The dependence of CVN ecnergy on temperature is presented for the as-
received condition in Fig. 3(a) and for the SCHT condition in Fig. 3(b). In the
diagrams the fracture appearance (percentage of fibrous fracture) and the
length I, of the ductile crack extension ahead of the notch are also ploited,
Although the dependence of the CVN energy on temperature is generally con-
sidered to be a continuous curve, often with a large scatter of energy values,
for the purposes of evaluating fracture behaviour this method is inadequate.
The approach proposed by Teleman and McEvily (21) and elaborated by
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Helms ef al. (36) was therefore used in order to study transition behaviour,
According to this approach it is possible to define the following transition
temperatures in the CVN plot:

t,~ propagation transition temperature, at and below this temperature a
change in the crack propagation mechanism occurs, i.e., brittle fracture is
initiated after some ductile crack growth;

t— initiation transition temperature, at or below this temperature brittle frac-
ture occurs: by cleavage mechanisms in the as-received condition or by
mixed-mode mechanisms (intergranular cracking and cleavage) after
SCHT.

These temperatures are indicated in Fig. 3. The fracture behaviour of V’
notched Charpy specimens may be divided by means of these temperatures
into three main regions.

Region A-region of ductile initiation and ductile crack growth (upper shelf
region).

Region B—ductile initiation, after some ductile crack extension with a tran-
sition to brittle fracture. An important fracture parameter is the
length of stable ductile crack growth [ (Fig. 3).

Region C-brittle initiation and propagation {cleavage for as-received state and
mixed-mode after SCHT).

The fracture regions are superimposed on each other as a consequence of
the intrinsic material property scatter. The temperature t, was therefore taken
as the temperature above which only ductile fracture oceurred, and the tem-
perature ¢; as the temperature at and below which brittle initiation had already
occurred.

The results given in Fig. 3 show that SCHT resulted in the following,

~ A shift in the transition temperature t, and ¢ by 30°C to higher tem-
peratures. The shift of FATT is 30°C and is in agreement with the data
given by Viswanathan and Jaffe (19) for a 2.25Cr—1Mo steel with J factor of
200. At the same time, in the set of specimens after SCHT there are speci-
mens with fracture behaviour identical to that of the as-received specimens,

— A pronounced increase in the scatter of the CVN energy values in the tran-
sition range ¢,—t; and the increase of the temperature range in which regions
B and C are superimposed: from 20°C in the as-received state to 60°C after
SCHT. In this interval the fracture is bimodal.

— In the upper shelf toughness region A, the CVN energy is not influenced by
SCHT.

The heterogeneous character of segregation processes is therefore con-
formed by the Charpy V' notch results. When investigating the fracture
surface of specimens after SCHT with brittle initation it was found that the
fracture surfaces both in the initiation site ahead of the notch and in the area
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¥ig 4 Fracture surface of Charpy specimen after SCHT tested at —50°C

of unstable fracture propagation had a mixed-mode character, ie, inter-
granular cracked regions surrounded by transgranular cleavage (Fig. 4}. As the
variation of principal stress and the maximum value of this stress ahead of the
notch are the same for both conditions at any given temperature (yield stress
and hardening properties are not influenced by SCHT) and because t; for
SCHT is higher, mixed-mode fracture requires a lower critical tensile stress for
brittle fracture initiation. The shift of the transition temperature by SCHT can,
therefore, be explained as being due to the presence of locally embrittled
regions cansed by SCHT.

Critical tensile stress

Using Charpy specimens and instrumented impact testing the load Fgy
(general yield load) and Fry (fracture load) were measured in Region C (Figs 3,
5, and 6). The point of intersection of the temperature dependence of these
loads determines the brittleness transition temperature tg, at which Fgy =
Fgg . At this temperature the Region C is divided into two intervals, C' and C”.
In the range C”, F4y > Fpy, load deflection dependence is practically linear up
to fracture and the fracture time 7gg is very short. In order to measure the true
fracture load [fulfilling the condition tgg 2 3 7, where t is the period of natural
Charpy specimen oscillations (34)], impact tests had to be carried out at the
lower impact velocity of 1.5 ms™ . The ratio of Fga/Fgy in the temperature
range C” makes it possible to determine the critical tensile stress ¢,, at the
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loading was taken from Fig. 1. Dependence of the ratio Fgg/Fgy on tem-
perature is given for impact loading in Fig. 5 and for static loading in Fig. 6.
The transition temperature ty, is shown in the diagrams; its value is practically
unchanged by SCHT.

The calculated values of 674" depending on temperature are given for both
conditions and loading rates in Fig. 7. Disregarding two values of o7
(temperature —80°C and —100°C: their significance is discussed below), it can
be shown that of{* depends neither on temperature nor on loading rate and
has, therefore, as a brittle fracture initiation criterion the same meaning as the
cleavage fracture stress for initiation of brittle fracture in low carbon steel
[Knott (26)1.

The influence of SCHT on the ¢7§* values is difficult to estimate due to
scatter from the diagram in Fig. 7. In order to compare ¢9* values for both
conditions and to assess the influence of SCHT on this stress the Weibull
distribution was used (28). The cumulative distribution function

P=1—exp (&—)
o

for the set of measurements is shown in the Weibull probability paper for the
as-received condition in Fig. 8(a) and for the SCHT condition in Fig. 8(b). The
shape parameter m = 20.4 and the scale parameter o, = 1756 Mpa for as-
received state. It can be seen that, for the as-received condition, critical tensile
stress perfectly fits a two-parameter Weibull distribution. For the condition
after SCHT two straight lines provide a better fit to the experimental results.
Splitting in two straight lines indicates double population after SCHT. Even
the measured very low values of oTf* (Fig. 7} lie on the straight line 1. Fracto-
graphic investigation of the fracture surfaces of specimens on lines 1 and 2,
Fig. 8(b}, was therefore, carried out, This investigation showed that the fracture
surface of a set of specimens from line 2 was 100 percent cleavage, while frac-
ture surfaces of the set of specimens of line 1 was mixed-mode (intergranular
cracking surrounded by transgranular clecavage). Due this observation the set
of measurements was divided into two populations and for each of them the
parameters m and ¢, were determined. The following values were obtained:
for the set of specimens with 100 percent cleavage fracture surfaces o, = 1728
MPa (practically the same value as in the as-received state) and m = 35.86, for
the set of specimens with mixed-mode fracture surfaces oy = 1537 MPa and
m = 9.98. .

The results show that the 2.25Cr-1Mo steel blanks contain, after SCHT,
both regions with resistance to brittle fracture initiation, similar to that in the
as-received condition and embrittled zones where o72* for brittle fracture initi-
ation is clearly lower. Low values of a7 are connected with mixed-mode
initiation mechanisms which result from segregation during SCHT. The
decrease of fracture stress as a consequence of grain boundary segregation in
Cr—Ni steels was measured by Ritchie et al. (23) and by Kameda and
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McMahon (8). According to these authors, this decrease is related to the
fowering in intergranular cohesive energy resulting in easier microcrack pro-
pagation beyond hard particles on grain boundaries.

Fraciure toughness

Fracture toughness versus temperature is plotted for the as-received condition
in Fig. 9 and after SCHT, in Fig. 10. The following fracture toughness values
are shown: '

Ko — measured according to ASTM E 399-83;
Ky = \/{(EJ.:/(I - ”2)};




580 DEFECT ASSESSMENT IN COMPONENTS
700 _tower _transition region upper shelf
shelf | )
o n
600 =
- - o 5 ™
& ® K |
[=]
%500 Lo K, t !’
= og)! ¥
= \ K pBLY 'DBU
Y400l 5 K. /
'-‘Z-' - Jm ductile initiation
T /
o / A
=
5300 | Y
A7 109) =
w {02}
% (8]
3200 - cleavage initiation
< o
o
[ © ©
100 L ?
Q oo t
0°8 c
o T
0 1 | i ] i
-180 -140 -100 -60 -20 20

TEMPERATURE{°C)

Fig ® Fracture toughness/temperature dependence — as-received state

The value J. was determined for the onset of the initiation of unstable brittle
fracture. The following relationship was used to calculate J. (35)

1—v? 24
Je=Jdg+Jp= K2 i
C CE cp E c+ BW —a)
where
_ FmY
¢ BJW

Acp is the plastic work to fracture and Fyy is the fracture load.
K, is the fracture toughness for unstable brittle fracture after some ductile
crack extension (the length of which is labelled in the diagrams).
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K, is the fracture toughness for ductile crack initiation measured by the direct
current potential drop method.

K, is the fracture toughness for maximum load F,,, in the load/displacement
diagram.

The above formula was used for the calculation of K¢, , Kj;, and K.

In order to assess the influence of metallurgical and process variables on
fracture toughness and its transition behaviour an exact definition of tran-
sition temperature is necessary and the fracture toughness results should be
analysed by statistical methods. Having taken into account the results in (29)-
(33) and considering the experimental results obtained with steel used the fol-
lowing transition temperatures are designated in Figs 9 and 10:

tppu— upper limit of the transition region, below thgy unstable brittle fracture
occurs after some ductile crack growth before reaching F_;
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fppe— lower limit of the transition region, in which the above described failure
QCCUurs;

t— the temperature at and below which elastic—plastic unstable brittle frac-
ture occurs on the blunting line. Due to the scatter this temperature can
lic within the range tpay — toag;

£.5— the region of lower shelf fracture toughness values (plane strain fractare
toughness for a given specimen thickness) is below this temperature.

The fracj'ture toughness versus temperature curve is divided into three main
regions (Figs 9 and 10) as defined above. By comparing the results presented in
Figs 9 and 10 the following conclusions can be drawn:

— SCHT does not influence the fracture toughness in the upper shelf region;
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— the shift of transition temperature tppy, tppL, and e by SCHT is only by
about 10°C to 15°C. Exact determination of the temperature shift would
require the testing of a larger number of specimens;

— the marked influence of SCHT on fracture toughness was observed below
temperature tc. After SCHT fracture toughness was reduced.

In order to compate the fracture toughness temperature dependence for
both conditions below temperature I the equation

Kic, Kyc = Ko + A exp (BT}

was used. Having chosen the constant K, = 25 MPam!/* the parameters A
and B can be calculated by linear regression analysis and the confidence limit
for, the linear regression function for any given probability can be calculated.
The median fracture toughness curve (P = 50 percent) and the fracture tough-
ness curve for confidence limit P = 95 percent are given for both conditions in
Fig. 11. Only the values of K, for unstable fractures without ductile crack
growth were taken for this calculation. It can be seen that, due to SCHT, a
decrease in the median value appears but a much larger decrease can be
observed for confidence limit P = 95 percent. Both median and lower bound
fracture toughness curves arc shifted due to SCHT to a higher temperature.
However both curves end at the transition temperature t&°, which was not
much influenced by SCHT.

The investigation of the fracture surface of specimens with a fracture tough-
ness value on the lower bound fracture toughness curve confirmed the pre-
sence of mixed-mode fracture.

Conclusions

(1) The tensile properties (yield stress, ultimate tensile stress, reduction in area)
in the temperature interval from —170°C to 20°C are not influenced by
SCHT. Below a temperature of —170°C the failure of some tensile speci-
mens after SCHT occurs at markedly lower fracture stress and with a low
value of reduction in area. This decrease in the properties is caused by the
occurrence of mixed-mode fracture (intergranular cracking surrounded by
transgranular cleavage facets).

(2) The propagation ¢, and the initiation ¢; transition temperatures measured

with Charpy “V’ notch specimens are shifted, after SCHT, by about 30°C.

However, it was found that after SCHT some of the Charpy ‘V’ notch

specimens had the same impact notch properties as in the as-received con-

dition. These results show that the embrittlement, probably caused by
impurity segregation, has a pronounced heterogeneous character.

The heterogeneous character of the embrittlement process during SCHT

was also confirmed by measurement of the critical tensile stress for brittle

fracture initation of “V’ notch specimens. After SCHT cleavage initiation at

3

S
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critical tensile stress values very similar to those of the as-received condi-
tion was observed. Brittle initiation also took place at lower stresses due to
mixed-mode failures.

{(4) Fracture toughness measurements show that the median and lower bound
fracture toughness temperature curves for unstable brittle initiated failures
were shifted towards higher temperature due to SCHT. The transition tem-

perature below which this kind of fracture occurred was not influenced by
SCHT.
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