INFLUENCE OF HIGH LOADING RATE ON THE FRACTURE TOUGHNESS OF STEELS
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The fracture toughness of 3 steels was determined as a function of
temperature  in static and dynamic conditions. Very high loading rates
o LO6 MPa/ms’l) are obtained by using stress wave loading with a
p#lit Hopkinson pressure bar apparatus. The instability of a crack in
suich particular conditions is examined. The amplitude of the temperature

shift between the transition temperature obtained in static and dynamic

conditions is compared with the results given by BARSOM's formula. The

3ibility to use a stress local criterion for fracture as RKR crite-

sion, in dynamic conditions, is examined.

Conventional linear fracture toughness tests, as described in ASTM
2339 standards are not able to describe plane strain fracture toughness
((n of strain rate sensitive materials. The rapid load plane strain frac-—
ture  toughness property denoted by KIC (f() where the loading parameter

ig indicated between brackets. !'{, the loading rate parameter characte-—

28 the rate of evolution of stress and strain distribution at the

vrack tip and is given by
K = Mo (1)

This concept cannot be confused with the velocity dependence of the
dynamic fracture toughness KIC(a) associated with a rapidly propagating
vrack. A large spectrum of K values can be explored using several kinds
i testing machines quasi-static testing machines give 10_2MPa_ m/s < l‘(
-103MPa m/s ; modified close -loop testing machines extend this domain

5 4
util 107 MPavm/s. The well—-known instrumented Charpy impact test is used
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to obtain 104 - 105 Mpa\/n;/s K values. For higher loading rates, stress
wave loadings, as Split hopkinson pressure bars (SHPB) are necessary [ 1]
For steels, the most important effect of strain rate is to shift tough-
nNess transition temperature to higher values. BARSOM (2 ] has proposed an
empirical relationship to calculate this temperature shift from the

yield strength cy and the strain rate ¢.
8T = (83 - 0,08 o )¢ Cocd (2)

The effect of strain rate elevation is similar to the effect of de-
Creasing temperature, and many authors [3—4] have tried to quantify the

fracture toughness variations with temperature and strain rate with
ZENER HOLLOMON parameter

P =T log (A/) A is a frequency factor (snl) (3)
The objective of this study is to evaluate the effect of high speed
loading on the fracture toughness transition curve of a structural
steel and the interpretation of this evolution by simultaneous examina—

tion of the influence of the loading rate on comportment law's.

I. DESCRIPTION OF THE MODIFIED SPLIT HOPKINSON PRESSURE BARS

High rates of loading (K =2 106 MPay/m/s) are obtained by setting
the specimen between two instrumented Hopkinson bars (figure 1). Striker
bar is launched from a gas gun at a desired velocity. The impact of the
striker on the face of the incident bar develops a longitudinal compres-—
sion wave that propagates along this bar. A wedge is attached to the
incident bar and is setted in a mechanical slot of the WLCT specimen
(figure 2). A part of the incident wave is reflected at the wedge-speci-
men contact point as a tensile pulse € . and a part is transmitted into
the transmitter bar as a compressive pulse € These amplitude waves are
registred by strain gages and digital transient recorders.

The registration of the incident €p reflected gp and transmitted e
pulses provides all the information concerning specimen loading and
fracturing.

It has been shown [5 Ithat the force acting on the contact surface

between the transmitter bar and specimen is given by
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P(t) = E S e p(t) (4)

were Gois the cross section of the transmitted bar, E the Young modulus
the bar's steel. It must be mentioned that the great advantage of the

w@m lies in the dynamic calibration of elastic strains measured

“¥ strain gauges for each experiment . Application of HOOKE's law toge-—

iher with the elastic wave solution enables the following calibration

foemula
e =% v /c (D_/D )2 (5)
1 ? 0’70 7 Vs'TB

where Vo is the impact velocity of the stricker measured by a velocity
pick up device, Ds is the diameter of the stricker, DB denotes the diame-
ter of the Hopkinson bars. To calibrate the system, a longitudinal pulse
5 sent through the bars cennected together and without specimen.

The critical load Pc is generally easily detected by "pop in" value
o transmitted wave diagramm as indicated in figure 4 . Time to rupture
i very short (15 - 20 ps) and fracture occurs generally when the wedge
15 moving at constant speed. The procedure 5% "offset" is used when any
pop in can not be easily detected.

In the method used, the lcading is produced by an incident wave
through a carbide wedge with a 45° angle. The angular slot in the sample
body -is 43°. This small difference gives a small contact area along the
=dge lines between the wedge and sample.

Consequently, the effect of friction must be taken into account and
the loading tensile force is influenced by the friction coefficient
ihe compliance function Y = f(a/w) was calculated by finite elements me—

thod . It is little influenced by this friction coefficient.

2. INSTABILITY OF CRACKS UNDER HIGH STRESS INTENSIFICATION RATE

During the stress wave loading of the WLCT specimen a large number
of internal reflections occurs within the time interval to fracturing.
This situation is shown schematically in figure 3. If At denotes the tran-
sit time of the elastic wave through the specimen and to the specimen
length, the transit time can be calculated, as we know the elastic speed
¢

2
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At = ¢ /c
Sl (6)

At is about of 2 10—6 uS and the loading is constituted by an
adding series (10-12) of impulse loads.

The conditions for wunstable crack growth under a unique impulse
load is not well understood, the situation is considerably more complica-
ted than for a slowly applied load because of the nature of the crack
tip stress and the rate dependant response of the material.

Mathematical solutions for the variation of crack tip stress intensi-
ty have been ob*ained by several workers 61 [7]1 [8] for a unique
impulse load. The stress intensity factor is a complicated fonction of
time, it rises sharply, overshoots the equivalent static value by an
appreciable amount (25-30 %) and then oscillates around the static value
with decreasing amplitude (figure 5). The use of this type of function
assumes that the crack motion which initiates during excursions above
KIc in  the oscillatory part of the crack is arrested when K_(t) is
smaller than KIc and the attendant crack increment is smallI. This
assumption, based on the fact that the crack encounters a decreasing
stress singularity field during this time, requires furtf')er studying.

A minimum time for the unstable crack growing is needed. This incuba-
tion time to is the necessary time for the process zone to build up to a

critical state. A general form for this incubation time is given by
Clto/a- =g (a/a*) (7)

where a ig equal to a¥% = /4 (K,‘[c/oo)a (8). oy is the applied fractu-
re stress. This formula is only valid for a crack longer than a minimum
value a min given by the effective stress intensity factor (a min =
0,6 a%). In dynamic loading, the critical stress pulse amplitude required
to initiate the equivalent static crack can activate several cracks with
a wide range of sizes simultaneously. This has been calculated by KIPP
[9] and experimental verifications are given by KALTHOFF and SHOCKLEY
[10]. '

For short cracks the characteristic oscillations drop out very
early and cause only a slight perturbation and in this case suggest that

the effective dynamic stress intensity factor is equal to the static
value
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{dyn) = KI(sta’c)

e tong cracks, as suggested on figure (6) due to KIPP and for

0" &Y (this value is very close to those obtained with the SPHB

«i, the effective stress intensity factor Keff {dyn) is about 2/3

e static value.,
in the case of stress wave loading by the SHPB, the following experi-
‘il conditions are observed
The number of elastic waves reflections occuring in the specimen
ing time to fracturing n = tf/AtS is approximately of 10-12 and conse-

iy the loading is constituted by a series of impulse loads.

The stress intensity factor KI(t) is in the oscillatory part,
tightly damping of the curve }(I = f(t) because non dimensionnal time to
spture is sufficiently long.

~ The crack length of the specimen is equivalent to a short crack
1/12 C9v tf.
~ The strain rate at a point on the elastic plastic boundary can be

inlated by the SHOEMAKER's formula [11]

¢ =0 /E x k/K (9)
Y

about 103 s—l. For this value, the strain rate sensitivity of the
».m-:.‘xral is only governed by the thermal activation and the yield stress
u logarithmic function of the strain rate. The elasto-plastic behavi-
s law can be.used for modelization. These remarks lead to use, in this
particular case (K < 2-3 106 MPavm/s, a < 1/10 Cg‘tf) the quasi-static
wiution for stress intensity factor for brittle materials loaded by

siress waves with the Split Hopkinson Pressure Bar.

3. MATERIALS AND RESULTS

Tests have been performed on 3 steels

materials yield strength ¢ = 15 g
Steel XC38 Uy = 400 MPa
Steel XC28Ar GV = 650 MPa
Steel 35NCDV12 c; = 1315 MPa
563
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The & ; oo :
€ chemical composition is only known for XC38 and 35NCDV12 steel

c Si Mn P S Cr Ni. Mo

X
c38 0,38 0,25 0,55 0,025 0,025 -

35NCDV
12 0,36 0,289 0,81 0,09 0,003 15,72 4,24 1,02

Th : ; 3
€ static and dynamic fracture toughness is plotted as a function

of test
temperature for the 3 steels considered in this study (figure

7). The
results that are only presented are valid according to the ASTM

E 399 i i
procedure, in particular plane strain condition given by :

(W ~ 2
a) or B> 2,5 (KIC/gy) (10)

T ; s <
echnological limitations were imposed for the building of the

SHPB, bar i
S have a diameter of 20 mm and consequently maximal thickness

of the sSpecim ] Vi
en according to a good transmission of stress waves is 20 mm.

For this i t
reason the static and dynamic fracture oughness is

limit | i
ed to the foot of brittle ductile transition defined at K

(transition) = 70 MPavm. b

In i i
each case increasing the strain rate causes the fracture tough-
ness to decrease and a shift of the
as

.fracture toughness curves AT defined

70 MPav'm 70 MPavm
AT = P

Ko 7 Tk (108 (1)

The results for the three materials and a comparison with the

Bap " . ;
arsom's formula are glven in Table 1

Steel AT calculated AT experimental

XC38 165°C 150°C

XC28 100°¢ 131.0°¢

35NCDV12 impossible 31°C
TABLE 1

Some re
marks are made on the Barsom's formula
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7 (12)

A = (83 - 0,08 o )¢ O
y
in this formula AT is given in Celsius'Degree, oy in MPa and ¢ cal-
{ated by SHOEMAKER formula in s -

This value of & is not the maximum or the average strain rate va-

The Barsom's formula has been established for the maximum strain
, 2 .
tte given by instrumented charpy impact tests (107 - 5 107 s l) and for
ww and medium strength steels (oy < 965 MPa).

These results show that for steels with a yield stress below 1000

M this formula gives satisfactory results. This is according to

coent works of MARANDET, PHELIPPEAU and SANZ [12].

Until value of ¢ = 2 1035»‘1 plastic flow is governed by the thermal-

iy activated motion of dislocations, and yield strength is a function of

tivation energy AG, which is related to a strain rate by an

torbenius equation
¢ =B exp 4 G(0)/KT (13)

stiere € is the strain rate , B is a constant depending on the material
wi{o) activation energy, K is the Bolzmann constant and T the temperature
in ° K.

An other convenient way to represent this phenomenon is the use of

thie Zener Hollomon parameter
P =T log (A/¢) (14)

where A is a frequency factor. This parameter has been used by several
suthors [12-13-14] in order to represent by a unique curve the influence
of strain rate and temperature. All data evaluated over a wide range of
different temperatures and 2 different strain rates fit on single curve

@#ith a small scatterband (figure 8).

8
The frequency factor is 1013 for XC28BAr steel, 10l for XC38 steel

sad 1045 for 35NCDV12 steel.
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4. RELATION BETWEEN COMPORTMENT LAW AND
FRACTURE TOUGHNESS EVOLUTIONS AT HIGH STRAIN RATE

In order to explain the temperature shift of fracture toughness

curve at high strain rate, a particular attention has been given to de-

termine the relation between uniaxial flow properties versus the strain
rate and the fracture toughness KIC(P'(). Other phenomena as crack tip

ieating and the modification of rupture process seem not to be influent

enough [1] to explain the modification of fracture toughness at this

level of high strain rate.

The value of KIc can be calculated with the

help of a critical stress criterion [15] [16].

The influence of strain rate and temperature on yield strength is

schematically given on figure 9 . The domain I is characterized by a
low influence of strain rate and temperature on yield strength; plastici-

ty has an athermal character. In the domain II, the influence of ¢ and

T is very important, dislocation movement ig governed by thermal activa-

tion. The zone I1Y, at very low temperature is characterized by a very

little influence. 1In zone 1V, yield strength is very sensitive to very
high strain rate & = 103 - 106 s 7. The same split Hopkinson pressure
bar can be used to obtain comportment law o= f(e,¢8) for & = 103 s“l).

The specimen used are small cylinders of 10 mm of diameter and 5 mm

high and are inserted bhetween inc.ident and transmitted bars. During

tests the continuous strain time histories of the incident s:I('t), reflec-
ted s:l_(t) and transmitted ET(t) waves are picked up by the strain gauge
stations and it is possible to determine complete stress strain charac—

teristics of the specimen material. Further it is possible to obtain

t
= 2 > C
e(t) ch/ A of fp(*)dﬁ 4

2 Cl/g'o (E'I‘(t))
the stress history o(t) = E(Dy/Dg 2 eq (1)

the strain history

the strain rate . (15)

E is the Young's modulus and « a time dependent additional variable.
The same specimens are uvsed to obtain quasi-static stress-strain curves.

The influence of strain rate at room temperature is given in table II
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. -3 -1 4 3 -1
Steel e = 10 s = 10"s
AC38 400 MPa 805 MPa
Xca28 650 MPa 1200 MPa
35NCDV12 1315 MPa 2480 MPa
TABLE II

i i i i s strain curves (figure
A comparison with static and dynamic stres

A
‘1 shows  that the yield strength increases considerably (about 2

timen) and plastic instability appears at high strain rate.

Yield strength o is found to be a function of activation energy
Yiel B

Uy = (KT 1n B/¢) (16)

fhe fracture toughness can be assessed in terms of local criteria

conjunction with stress~strain distributio

This stress-strain distribution can be obtained by the well-known

@olution for a material which obeys the stress strain law written as

N-1 17)
ey = 1o/ )V o/ (

i ) i inite element
here y is a constant depending of the material or by fin

method - see figure 11.

The stress field is characterized by a steep gradient, when the

tintance from the crack tip is small. This stress field has a doubtful

meaning when the distance to the crack tip iz smaller than a
which may be

phyasical
~haracteristic distance. This characteristic distance XO,
of as describing the minimum volume of material in which the

is usually about a few grain

thought
clenvage fracture process can operate,
diameter.

RITCHIE, KNOTT and RICE [15] have shown that a cleavage crack propa-
in an unstable manner when the maximum principal stress ahead of
and relate the fracture

raat

the crack tip exceeds the cleavage stress 9,

o

toughness of ferritic steels to these parameters

(18)
(N+1) X % % 2
KIC = B 2 o N-1

°y 3
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and the critical distance XO are independent of the strain rate and tem-
berature ang that the work hardening parameters (g3, N) are also not
affected by ¢ ang 7.

The cleavage Stress is generally obtained by using a axisymmetric

specimen opr static charpy V bend tests.

that the tpue cleavage stress and must be corrected. The highly
Stressed volume ahead a blunt notch is larger than in front of crack.
Therefore the probability of funding the weakest link is higher in the
case of a blunt notch than in the case of a crack.

It seems that the cleavage stress is practically independent of
the temperature (KOTILAINEN [17]) but the assumptions of the non-influen-
ce of strain have never been verified and a controversy assumption has
been issued by WILSHAW [18].

The chaz‘acteristic distance XO is temperature dependent and a
large scatter band of values (1 to 10 grain size for the same steel)
can be found. From a physical point of view it is probably more
realistic +to assume that below a certain characteristic distance (1 or
2 grain Size) the stress gradient is lower than one derived from
calculation. The Strain hardening exponent is temperature sensitive
and plastic instability provides scattering in data. An experimental

relation ship can be roughly found.

m
KIC . oy = cst (19)
The pPreceeding discussion ignores the three dimensional nature of

the fracture process andg the "weakest link hypothesis" which derived

ble. Particularly at high strain rate, fractographic investigations
indicated the possible occurence of isolated cleavage microcracks at
different points along the crack front before final fracture; the
occurence of these microcracks indicates that the macroscopic fracture

Criterion may be the attainment of the mean toughness along the crack
front .
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CONCLUSIONS

Uy using the Split Hopkinson Pressure Bars it is possible to deter-

sne dynamic  fracture toughness for high strain intensification rate K

{07 WMPagm/s. For the three structural steels investigated, it was
tablished that an increase in the loading rate results in a decrease
the toughness when fracture occurs by cleavage.

The amplitude of the temperature shift between static and dynamic

whness  transition curves was compared with the predictions given by

he Barsom's formula. It appears that the Barsom's formula can be exten-

for high strain rate (& = 103) with a correction for high strength

sl (Gy > 1000 MPa).

tor each steel it is possible to relate the effect of temperature

sui sbrain rate on fracture toughness by using the Zener-Hollomon para-

«ter with a frequency factor depending on the material. In order to

¥y a local cleavage fracture criterion as the one proposed by

HEFUHIE, KNOTT and RICE, the influence of strain rate on temperature on

‘navage stress, critical distance and strain hardening exponent must

* #lso taken into consideration.
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