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THE INFLUENCE OF LOADING RATE ON. THE DUCTILE-
BRITTLE TRANSITION AND CLEAVAGE FRACTURE
STRESS OF 2.25Cr-1Mo STEEL

M. Holzmann, B. yvlach and J. Man *

Influence of proad loading rate spectra on
transition—temperature behaviour of Charpy
v-notch and small precracked specimen. The
loading-rate shifting of propagation, initi-
ation and brittleness temperature. Cleavage
fracture stress of bainitic microstructure.
Loading-rate shifting of plain strain tran-
sition temperature and general yield tran-—
sition temperature for small precracked spe-
cimens.Loading—rate independence of initia-
tion transition temperature for this speci-
mens. Temperature and loading rate dependen-
ce of cleavage fracture toughness.

INTRODUCTION

The transition—temperature pehaviour of steel is a func-
tion of 1oading rate. The data on the influence of load-
ing rate on the transition behaviour has been obtained
mainly from the temperature pattern of CVN absorbed ener-
gy determined at both static and impact loadings ( Rolfe
and Barsom {1)). The influence of loading rate is mani-
fested by temperature shift for the chosen energy level
in the transition region. This experimental method does
not enable any deeper analysis of the influence of load-
ing rate on the transition temperature and cannot con-
tribute to more detailed analysis of the micromechanis—
tic condition for the nucleation of cleavage fracture.

The precracked specimens show similar transition-—
-temperature behaviour. In this casé;, the fracture beha-
viour is characterized by the dependence of fracture
toughness on the temperature { Wwullaert and server(2)-
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From this dependence the transition from ductile to clea-
vage fracture can be detected also. Below this transi-
tion, the cleavage fracture appears at various extent

of plastic deformation: the cleavage fracture after ge-
neral yielding, at and below the general yielding at va-
rious crack tip plastic zone size and finally under a
very small plastic zone size at the crack tip, so that
the plane strain condition prevails. Therefore, various
fracture regions and transition temperatures can be de-
fined.

It was shown that, for the ferritic steel, the clea-
vage fracture stress plays a dominant role in the nucle
ation of cleavage fracture of notched and precracked
specimens. Macroscopically, this stress was proved to
be independent of temperature and hydrostatic stress

(Knott (3), Oates (4) , Griffiths and Owen (5)). Micro-
scopically, the value of this stress is determined by
the size of cracked carbide particles (Smith (6 )). By

applying the cleavage fracture stress concept, the tem-
perature and strain rate dependence of the cleavage
fracture toughness of these steels can be predicted(Rit-
chie et al (7) and Curry (8)).

The aim of the present paper is to investigate the
influence of loading rate by using broad spectra of dis-
placement velocities on the transition-temperature be-
haviour of Charpy V-notch and small precracked specimens
and on the cleavage fracture toughness. Further, the va-
lidity of the cleavage fracture stress concept for a
bainitic microstructure of 2.25% Cr-1% Mo will be veri-
fied and the application of this concept for explaining
the loading rate dependence of transition temperatures
and cleavage fracture toughness will be examined.

MATERIAL; EXPERIMENTAL TECHNIQUE

Commercially produced pressure vessel steel was used.
Its chemical composition weight percent was 0.12% C;
0.57% Mn; 0.27% Si; 2.30% Cr; 1.04% Mo; 0.015% S; 0.010
% P. The steel was delivered in form of a plate with di-
mensions 1800mm x 4200mm x 30mm. The heat treatment was
performed by the producer, the microstructure in the re-
ceived condition was formed by the tempered bainite.

Mechanical properties at ambient temperature: low-—
er yield stress Re = 308 MPa; ultimate tensile stress
Ry = 495 MPa; CV- "notch energy 256 J.

Specimens for tensile tests, Charpy V-notch speci-
mens and small precracked specimens with thickness B =
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= 15 mm, width W = 15 mm, and length = 75 mm were cut of
this plate. The latter specimens were provided with a
chevron notch having a fatigue crack, the total length
being 7.5 mm a/W = 0.5 . All the specimens were of L-T
orientation.

Both the notched and the precracked specimens were
loaded by the three-point bending with constant displa-
cement velocities. The span of supports was 40 mm for
the notched specimens and 60 mm for the precracked ones.

The tests at various displacement velocities were
carried out on the high speed hydraulic testing machine
ZWICK/rel and on the impact tester. The problems connec-—
ted with the use of the hydraulic testing machine for
high speed tests were discussed in detail by Krabiell
and Dahl (9, 10). Our experience is practically the same
(Holzmann et al (11)). Simultaneously, we found experimen-
tally ( Holzmann et al (12)that, for obtaining a load-ti-
me record without oscillation, it is possible to apply
only certain maximal displacement velocities which must
be lower than the limit velocity. The limit velocity is
a function of compliance of the loading system, the spe-
cimen and the natural frequency of the measuring load
cell. For the specimens mentioned above, for the speci-
ally designed loading equipment, and for the given tes-—
ting machine, this velocity was 1 ms—1l. Therefore, the
highest displacement velocity applied for testing on the
hydraulic machine was chosen 0.5 ms—1l. The impact tester
was used for higher loading rate.

The chosen loading rates for Charpy V-notch speci-
mens and corresponding deflection rates f are given in
Tab. 1. The displacement velocities and the correspond-
ing stress intensity factor rates K1 for precracked
specimens are shown in Tab. 2. The tests were carried
out in the temperature interval from +20 OC to -196 ©cC.

The load vs time records were obtained using a tran-
sient recorder and a Hewlett-Packard x-y plotter.

RESULTS AND DISCUSSION

The influence of loading_rate on the mechanical beha-
vViour and the transition temperatures of Charpy V-notch
specimens.

The assesment of mechanical behaviour of a Charpy
V-notch specimen at various loading rates was performed
according to the general scheme of fracture behaviour
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TABLE 1 - Displacement velocities and deflections rates

Group Displacement velocity Deflection rate f
No. — S—l i s-l

1 0.05 1.06 x 1072

2 5.0 1.06

3 500.0 1.06 x 102

4 5 600.0 ¥ 2.0 x 103

X impact tester

TABLE 2 - Displacement velocities and stress intensity
factor rates X

L
Group Displacement velocity kI
No. mm st MPaml/zs—l
1 0.05 6.2
2 0.50 6.4 x 10
3 5.00 6.4 x 102
4 50.00 6.4 x 103
5 500.00 1.0 x 105
6 1 500.00 ¥ 2.3 x 10°

X impact tester

shown in Fig. 1. This scheme is based on Charpy V-notch
testing. For this way of loading it was discussed in
detail by Helms et al (13 s

In this scheme, the meaning of the characteristics
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is:

FGY — general yield load; hid - plastic deflection ..
max t load F

FMax- maximum load; a MAX

Fop - fracture load; fFR - plastic deflection

at the load FFR
1s - length of the ductile crack growth below the notch;

tp ~ Propagation transition temperature (the mode of the
fracture propagation is changed from the stable duc-
tile growth to the unstable cleavage);

t; - the initiation transition temperature (the mode of
the initiation is changed from the ductile to the
cleavage one);

tBV— brittleness transition temperature FFR = FGY .

The mechanical behaviour of Charpy V-notch speci-
mens according to the scheme in Fig. 1 is given for va-
rious displacement velocities (Tab. 2 ) in Fig. 2. The
temperature interval A is the region of the upper shelf
CVN-energy, the temperature interval B is the transition
region and the temperature interval C is the region with
the cleavage fracture initiation (in the region C~, FFR
>FGY’ in the region C~ 7, FFR< FGY,'

The dependence of transition temperatures t_, ti
and t v._on the deflection rate f is illustrated Pin
Fig.3. From Figs 2 and 3 it follows that, when increa-
sing the deflection rate, the temperature t shows lar-
gest loading-rate shift to higher temperatu?g, a smaller
temperature shift is observed for the temperature ti and
only very small shift for the temperature t_. With “in-
creasing loading rate, the temperature intePvails tB =t,

. v i
and especially th—tp become apparently narrow.

To explain the loading rate shift of t and t, the
concept of cleavage fracture stress can be used.

Cleavage fracture stress @ For the project steels
with a ferritic-pearlitic micfostructure, the role of
cleavage fracture stress for the cleavage fracture ini-
tiation was already many times proved (3; 5; 6) experi-
mentally. The independence of this stress on the tempe-
rature, for these steels, is given by the fact that the
cleavage fracture initiation at stress { F is micro-
crack propagation controlled (Chell and Curry (14)).
The independence of this micromechanism on the tempera-
ture has been discussed in detail by Hahn (15).
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The question of the nucleation of cleavage microcracks
in bainitic microstructure and the problem of cleavage
fracture stress in these microstructures have been dis-
cussed by Kotilainen et al(l6), Toronen et alll7), Koti-
lainen (18), Brozzo et al(l9), Saario et al(20) and Cur-
ry(21). The last author has shown that even bainitic
microstructure obeys the cleavage fracture stress crite-
rion for the initiation of cleavage fracture and that
this stress for this microstructure is temperature inde-
pendent.

The results presented in Fig.2 made it possible to
examine the problem of the cleavage fracture stress,its
dependence on the temperature and on the strain rate.In
Fig.4 the general yield loads FG and fracture loads at
and below tpy for various defleSfion rates f are replot-
ted. At the temperature tpy, the cleavage fracture
stress has been determined by the well known formula(l9,
21)

Ocp = KgpiRer  «eeeeccesccnns EY

where K 6ol is plastic stress concentration factor and
Re1, is 1oWer yield stress. The determination of the low-
er yield point at tpy for various deflection rates f re-
presents the main problem. This was done in the follow-
ing way. The strain rate in the plastic zone below the
notch is different in different points of this zone. For
the estimation of Rey, we decided to take the strain ra-
te of the maximum principal plastic strain at the notch
root €, . As this first approximation for estimating
€ pl, we used the solution by Griffiths and Owen(5);

€1 pl was then calculated from the relation

. LAty o
lpl-'—A—,r__ R I I I )|

whereAsl 1 is the increase of maximum principal plastic
strain between the load 0.7 Fgy and Fgy and ATis the
time corresponding to this increase. The value Aty 1
was taken from diagram in reference (5), the time ATwas
read for various f from the load vs time record. From
the tensile test at various strain rates and temperatu-
res the following equation for Rgy, has been found (11):

5

R _ = 250 + 1384exp- (t+273)(854x10 > -44x10 >1nfpy).. (3)

eL
where t is temperature in degrees of Celsius. The lower

yield stress corresponding to Fgy can be calculated by
combination of egs. (2) and (3). The values of Af; p]
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taken from the reference (5) are exactly valid for V-
-notch specimen loaded by four point bending. Fig.5 il-
lustrates the dependence of Fgy [(general yield load was
defined at the atteinment of non-linear displacement of
0.1 mm) measured for various f and temperatures on Rer,
calculated using egs. (2) and (3). This dependence has
the linear form Fgy = CRg1,, the value of constant C de-
termined by the linear regression was C = 21+l mm2. This
value is in good agreement with the constant C result-
ing from the relation for Fgy of Charpy V-notch speci-
men loaded by three point impact bending published by
Server (26). Therefore either egs. (2) and (3) or the
constant C and Fgy may be used for calculation of Rgy,

at Fgy. The cleavage fracture stress O0cr determined us-
ing this constant, load Fgy at temperatures tpy and

K 6p1 = 2.24 (19) is presented as a _function of tempera-
turé in Fig. 6. It is evident that Ocp is in the tempe-
rature interval -90 ©C - -180 ©C temperature independ-
ent and its value GCF = 1700 MPa is practically identi-
cal with that of measured by Curry (21) for a tempered
bainitic pressure vessel steel.

Since we found for the given pressure vessel steel
(23) that the packet size influences appreciably tempe-
ratures tpy and tj, then the micromechanism in which the
packet size plays a decisive role, must control the mag-
nitude of the cleavage fracture stress ( either the Cott-
rell dislocation mechanism (22) or the propagation of
the packet size microcrack through the packet boundary,
Dolby and Knott (24), Hahn (15)).

The shifting of temperature tgy in Fig.2 and 3 due
to the increase of deflection rate is caused exclusive-
ly by the influence of strain rate on the lower yield
stress. The same conclusion holds for the shift of tem-
perature ti. To fulfil the condition of cleavage fract-
ure initiation, the maximum principal stress in region
C” must increase due to work hardening in the plastic
zone. At a higher strain rate the work hardening capaci-
ty decreases and as result of this the condition for
cleavage fracture can be fulfilled only for small tempe-
rature increment. Because of this, the temperature tj
shows weaker dependence on f.

The influence of loading rate on the fracture behaviour
of small precracked specimens

The fracture toughness as a function of temperatu-
re for various K, is shown in Fig.7. The points marked
represent thé fracture toughness fulfilling the

K
A§8M condition, the points marked KQx do not fulfil this
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condition, and the value KnX was calculated considering

the correction to the size of plastic zone of the crack-
tip; the points marked Kyjy were determined using J-inte-
gral. Ky points mark the fracture toughness values for

which the condition a,B,W - a = 25 Jyc/Rer,(€) is fulfil-
led. In all the cases the fracture toughness was calcu-

lated for fracture load Fpg.

The following transition temperatures are presented
in Fig.7: ty_ 5 - the temperature below which the fractu-
re toughness fulfils the ASTM criterion. The lower yield
stress for the given Ky necessary for this criterion
was determined from the dependence of Rep, on € and on
temperature. The value of t for precracked specimens was
calculated using the relation € = 2 Ro;/TE, where T is
the time to fracture;

tGy - above this temperature fractures after
general yielding occurred. The points marked . do not
represent the values of fracture toughness, but they
only show that the ductile initiation still occurred.

The dependence of these transition temperatures on
the stress intensity factor rate Ky is presented in Fig.
8. With increasing the loading rate the same loading ra-
te shift of temperatures tj 5 and tgy to higher tempera-
tures occurred. On the other hand the temperature t§
shows only very weak dependence on Kp; at Ky = 2.3x 103
MPa ml/2s-1 it was found t§ = t.,. It means that for hig-
her loading rate the tempe%ature interval with the clea-
vage fracture above the general yielding becomes narro-
wer. A the highest loading rate Ky this interval disap-
pears completely and an abrupt transition from the re-
gion of low values of the fracture toughness to the up-
per shelf fracture toughness region appears. This pheno-
menon was observed for the precracked Charpy specimen al-
so by Logsdon and Begley (25). According to these aut-
hors the phenomenon is caused by a violation of the Jg
test size criterion due to small specimen dimensions, as
the toughness increases with temperature. This explana-
tion does not seem to be generally valid, for at lower
K1 the region of cleavage fractures after general yield-
ing above the temperature tgy exists (Fig.7) and a J1 -
size criterion for small precracked specimens is fulfil-
led. In our opinion the narrowing of the region with the
cleavage fracture above general yielding with increasing
K1 and the sudden transition to the ductile fracture at
the highest Ky is very probably associated with adiaba-
tic heating in the plastic zone. The heating causes a de-
crease of flow stress in the plastic zone, the maximum
principal stress decreases and the condition for the cle-
avage fracture initiation after general yielding cannot
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be fulfilled.

This phenomenon is obviously in operation at frac-
ture of the Charpy V-notch specimen at the temperature
t_, because this temperature, similarly to the tempera-
tgre t¢, shows very weak dependence on loading rate
(Fig.3ﬁ. It is interesting that both these temperatures
have very similar patterns when being plotted against
the piston and hammer velocity (Fig. 3 - the numbers at
the ordinates).

In Fig.8 the numbers attached to experimental po-
ints represent the values of lower yield stress determi-
ned for corresponding € . It is evident that both at
the temperature t, g and at the temperature tgy, the
yield stress has %6r various Ky the unique value. At
all the temperatures t;_ 5 and all the temperatures tgy
an identical pattern of maximum principal stress at the
crack tip can be expected, the value of which is the
function of Rgr. Therefore, it may be concluded that
the cleavage fracture both at the temperature t2. 5 and
the temperature tgy is controlled by critical tensile
criterion.

Fig. 9 presents the fracture toughness data for
all K rates and temperatures as a function of lower
yield stress which has been evaluated for corresponding
¢ and t. The arrows tp_ 5 and tgy designate the average
value of the lower yield stress at these temperatures.
They divide the dependence of fracture toughness vs lo-
wer yield stress into three fracture regions according
to the size of plastic deformation at cleavage fracture
initiation. Similar results have been presented in (9)
and (10). The unique dependence of fracture toughness
data Krc and KX on Rgp, shows that the RKR model (7) as-
suming constang cleavage fracture stress is valid for
bainitic microstructure of the given pressure vessel
steel.

CONCLUSION

The increasing loading rate £ results in the tempera-
ture shift of the initiation and brittleness transition
temperature of V-notch specimens. On the contrary, the
propagation transition temperature is influenced by the
deflection rate only weekly. The cleavage fracture
stress was found to be temperature independent in the
temperature interval -90 ©C to -180 ©C. With small pre-
cracked specimens the increase of loading rate causes
the temperature shift of plain strain and general yield
transition temperatures, brittle-ductile transition tem
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perature is practically independent of loading rate. The
cleavage fracture toughness below the general yield
transition temperature shows a unique dependence on 1low.
er yield stress. This fact proves that the RKR model can
be used for the prediction of the temperature and load-
ing rate dependence of cleavage fracture toughness for
Cr-Mo steel with bainitic microstructure.
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