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DYNAMIC FRACTURE TOUGHNESS IN MIXED MODE OF A MAGNESIUM ALLOY

NEVIERE R. TOLBA B. PLUVINAGE G.*

A method to obtain intrinsic failure curve in
dynamic loading condition is presented. It consists
of thin tube with an arbitrary oriented crack
which is submitted to a pressure pulse generated
by a shock wave. This tube is inserted between
the incident and the transmitted rod of a split
Hopkinson bar. An example of a dynamic intrinsic

failure curve of a Magnesium alloy is presented
and discussed.

INTRODUCTION

Magnesium 1is used under multiple forms : as an alloying element
in aluminium alloys, in nodularisation of iron, desulfuration of
steel, chemical and reduction processes, cathodic protection.
Magnesium alloys can be produced also in all wrought and cast
forms, but this use in 1985 represented 45.000 metric tons over
a total of primary consumption in Western World of 226.000 tons
of magnesium.

Castability, productivity and versability are in favour of pres-
sure die casting with magnesium alloys. The widespread acceptance
of light metal castings in cars would mean that magnesium alloys
can be used for many parts, if some progress can be made on
corrosion resistance, deep drawing and mechanical properties.

Because of its hexagonal structure, magnesium is relatively
sensitive to strain rate. Experimental results given by Davies
and Hunter / 1 / and Senseney et al / 2 / indicate that the
strain rate sensitivity coefficient of magnesium is in the
range of 2-4.
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This coefficient is defined by the following expression :

= T = Tl
12 ‘L(—m Ve n

where 1, and Ty are the respective values of shearing stress
obtained in torsion tests at constant strain-rates Y, and y,

Very few data on the fracture toughness of magnesium exist 1in
literature / 3 / / 4 / and there is no data on dynamic fracture
toughness i.e at a value of stress intensity factor rate K up to
10° MPaVm/s. A frequently encountered problem in engineering
applications of fracture mechanics is the mixed mode loading of
a crack subjected to biaxial tension. To obtain a conservative
estimate of the Jload required for crack initiation it is only
Necessary in many cases to perform calculations according to
mode I type of loading. This underestimate the fai] safe Toad
and holds very well for isotropic media.

In this paper, a method for determination of mixed mode dynamic
fracture toughness of magnesium alloy tubes is described and
dynamic intrinsic curve of failure of this material is presented.

MATERIAL AND EXPERIMENTAL DEVICE
2 ERARNIAL DEVICE

Dynamic fracture toughness tests have been performed on an
a]uminium—magnesium alloy GA3Z1 containing 3 % aluminium and 1 %
zinc. The mechanical properties of this alloy are presented
table 1.

R YT B R

. -3 -1
e =10 .s 143,5 MPa 220,7 MPa

200  MPa 290  MPa

Table I
Static tests are performed 2, Jowlstrain rate (¢ = 107 %"! )
while dynamic tests ( ¢ = 10 s ) are performed using a split

Hopkinson pressure bar. The stress-strain curves in the two cases
are shown in figure 1.

The material was obtained as round bars of 30 mm diameter. Wedge
loading CT (WLCT) samples of 20 mm thickness and tube of 22 mm
inner diameter, 1 mm thickness and 25 mm length were issued of
these bars. The geometry and the details of the slots of these
two kind of samples is described in figures 2 and 3.

The depth ¢, ‘the angle g with the Tongitudinal direction the
length 2a of the sTots in tube samples are given in table II.
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g° 0 15 30 45 60
2a
( mm ) 6,75 6 4,75 4,5 3,75
C
( mm ) 0,6 0,5 0,5 0,5 0,5
L’fL/L#__J,,-L,__
Table II

The WLCT samples were fatigue precraked with ratio a/W = 0,5.
Dynamic fracture toughness was obtained using a split Hopkinson
pressure bar.

The dynamic loading of the WLCT is given by a stress wave
produced by the impact of a projectile on the incident road of a
split Hopkinson pressure bar device. This method is shown schemati-
caly in Figure 4 and described in reference / 5 /.

The recorded transmitted pulse provides the critical applied load
for fracture Fc . The friction between the wedge and the specimen
has to be taken into account. The relation between critical load
Pc and the applied load F¢ is given by :

Pe = Fc e

2 tg ( .g +) (2)
& is the wedge angle, X} = arctg u is the friction coefficient.
For magnesium-steel contact a value of u = 0,17 has been measured

bythe authors according to Klepaczko method described in reference
/16 /.

The small size of the specimen and the relatively long time for
fracture (20 us), compared to the travel time of the wave (150
), leads to the conclusion that the dynamic applied stress
intensity factor 1is only slightly different to the static applied
stress intensity factor and the quasistatic assumption can be
used to calculate the critical stress intensity factor (5).

A further development of the dynamic fracture toughness in mode 1
was achieved to procedure mixed mode of rupture. It consists of

the same split Hopkinson bar apparatus, but the specimen is now a
tube, the interior of which is filled with oil. A pressure pulse
from the incident rod builds up an hydrostatic pressure in the
tube. The device gives necessary fluid tightness using "0" rings
between bar and device (1) and tube and device (2) as can be
seen in figure 5.

The free ends of the tube are in contact with teflon rings (3) in
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order to prevent tube buckling. The 0il is filled by the holes n°
4 in figure 5.

This method is similar to the one used by Ohlson /6 / /7 /The
transmitted wave produced by impact is registred with strain
gages glued on the rod. The electrical signal is amplified and
recorded on a digital oscilloscope. A typical example of the
registred transmitted wave can be seen in figure 6. Due to the
fact that oil is not absolutely incompressible, radial inertia
causes transversal waves which interfer with the signal. The
critical pressure is then a average value.

ANALYSIS OF THE RESULT
— 22 7 AR RESULT

The inclined crack in such a tube is submitted to a biaxial
loading. The pressure provides membrane stress, but since the
symmetry of the tube is disturbed by the crack, bending stress
must be taken into account. In addition the loading rate being
relatively high, time to fracture (40-80 us), and fracture process
can be considered as dynamic. This will mean that the mechanical
properties are modified by strain rate. As previously mentionned
the total travel time of the wave is relatively long compared to
travel time in specimen and the inertial effect on stress history
can be neglected.

This procedure 1is called quasi-static approximation and can be
used if the following criteria is respected.

% i (3)

2a
This is the case in our tests. (Ce celerity of wave, T} time to
rupture, 2a crack length)

The defect in the tube is a surface defect, but, as the tube is
relatively thin (1 mm), the Tigament between the bottom of the
defect and the inner surface is easily plastified. In this case
the surface defect can be considered as a "through the thickness"
defect. This procedure is usualy used for recategorisation of
defects. Althougt, the tube fails in the ductile range, the
analysis is based on an apparent fracture toughness Kc.
This apparent fracture toughness is defined as the value of the
equivalent elastic and critical stress intensity factor multiplied
by a plasticity-Irwin type correction Py

Veg

The stress intensity solutions for an arbitrary oriented "trough
the thickness" crack in a long cylindrical she]].have been obtaij-

* = gC
KC K]e.
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The method of analysis involved obtains series solutions to the
governing thin shell equation :

4 20
VF-«-Bi,o(Z.@_f, = 0 (5)
%2 5 g
where o = (al/ert) /[ 12 (1 - v°7) 72 with R radius of curva-
ture of the shell, t the thickness and a half the crack length.

The solutions of equation (5) keep the following criteria
- periodicity of solutions

- symmetry considerations

- stress and displacement vanish when X— ==

This method leads to a stress function g (r,8) and real displace-
ment W(r,®) of the form :

_ 1 6 3/2 6 3/2 36
=8, + Oyr° cosy ¥ @,rcos 9+}Zf3r cos 5 + @, v cos
1. 0 . 3/2 . 8 3/2 . 36 2
+ (Z)Sr sin » +(Z]6 r sin & + ®7r sin » + (2)8 r7f%sin o 0(r°)
_ 3 ls) 3/2 6 3/2 30
W = Wo + w1r cos » + N2r cos B + w3r cos » + w4 r cos &

1 . 6 . 3/2_..© 3/2 _. 30 2
+w5r s1n—2~+w6rs1nﬁ+w7r s1n7+w8r s1n-2—+0(r)
The ﬂi’ W. functions are numerically tabulated and the stress
intensity factors in mode I and II are given by the superposition
of the membrane and bending stress intensity factors :

(m) _
Ky 3 (0,40, /22

Ve
|

1 - (9, + 38y /2T

PV =3 r3 (1 - oy - (B 39,7 / £28 (1 - 2) 7%

(223 (- 102y ¢ Mg /L /24 (1 - 2y 7

Here the subscripts m or b refers to membrane or bending stress
and the subscripts I for 11 refers to mode I or I1I. In the
original paper of Lakshminarayana and Murthy, the non-dimensional
stress intensity factors with respect to gJa are given as a
graph function of the P angle and for different values of the
parameter. These non-dimensional stress intensity factors are
called respectively Cmy, CmI s CbI’ and CbII the subscripts
having the same meaning gs prev*ous]y.

265



FRACTURE CONTROL OF ENGINEERING STRUCTURES — ECF 6

PRESENTATION OF RESULTS
— T P RESULTS

A serie ‘of tests with five valyes of  have been performed 1in

order to build an intrinsec failure curve KI /K% = f (KI /K*)

where K e and K Ie @re the apparent fracture gghgﬁness in deeCI

and modé II andIE is the apparent fracture toughness measured
0°,

with the same test %ut with B8 =

The results are presented in table III, where are listed for the
different svalyes - the membrane stress T, the halfcrack Tength
a and the coefficients fI and fII which are defined by the
following relation-ship :

Kle . lle _ .
Om Vg S 7 e

(8)

These coefficients include Irwin's plasticity correction e
finite length correction Ce according to / 10 /5 and Lakshminar§-
Yana bending and membrane coefficients -

fy :\YFO. Ce - (Cj + Corg)
frr = Ve, €, Corrt Cprp) (9)

The intrinsic failure curve is presented 1in Figure 7. In the
same figure is presented an other failure Curve relative to
aluminium alloy A5G for comparaison.

For an isotropic and brittle material in which the failure in
mixed mode is governed by the SIH criteria /14 /, the intrinsic
failure curve can be described by the following relationship :

2 2
CKp 7Kg ) UK /K )E =

The effects of anisotropy, geometry and ductility effects mod;i -
fies the shape of intrinsic failure curve which then can be more
generally described by :

* U v o
( KIe / KC ) + (KII / Ké )=

where u and v are empirical coefficients, K  ig the apparent
fracture toughness and KI s KI e are the e&quivalent elastic
stress intensity factors. e notﬁce that the intrinsic failure
curve of the magnesium alloy shows a small influence of the K
value 1in a large portion of the curve. This shape 1is inherent ES
anisotropic materials and has been observed by Jodin /15 /.
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MAGNESIUM ALLOY
| @ i ‘:;:T’;;’W fr fu Kie |*11e
MPa {mm | mm Mpatm | MPa¥m
_ A S I S
1-00-6 | 116.,6 |6,75{0,6 | 3,375 | 0 32,3| 0
2-00-G ° 118,3 |6:75]0,6 | 3,375 | 0 32,8 0
1-15-6 | 132,816 |o,5 |3-042 | 0,5265 31,3 5,4
2-15-G " 116.6 |6 |0,5 |3,042 | 0,5265| 27,5 4,8
1-30-G | \24,7 |4,75{0,5 | 2,035 | 0,6050 17,5 6,1
2-30-6 * 120.4 |4,75{0,5 | 2,035 | 0,6050 16,3 5,9
1-45-G | 45° 142,8 4,5 0,5 |0,9975| 0,63 9,6 | 6,0
1-60-G e 129.1 |3,75{0,5 |0,4613) 0,5125| 4.2} 4.7
2-60-G 126.4 |3,750,5 |0,4613| 0,51251 4.1} 4.6
I N ’ I
DISCUSSION

As mentioned previously, the fracture toughness data of magnesium
alloys are very scarce. Hickerson / 4 / gave a value of K. =
48,6 MPa m for GA3Z1 alloy using a 4 mm CT sample, using a 20
mm thickness WLCT sample we have gota static value KI = 20,33
MPa m and dynamic value of K = 18,50 MPa m. Using a fube of 1
mm thick an apparent dynamic Cracture toughness K. = 32,5 MPa m
is obtained. This value is in the same order of magnitude as K
or K_ values in respect to the increasing loading rate aaﬁ
decreasing thickness

These parameters affect the fracture toughness in an opposite
manner : high Tloading rate decreases the fracture toughness,
while decreasing thickness increases the fracture toughness.

The concept of intrinsec failure curve is a particular form of
Mohr-Caquot criteria /1 / /12 /. A modification of this
criteria using a description of normal and shearing stresses
based on the values of the mode I and mode II stress intensity
factors has been proposed by Mandel /13 s
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A fractography investigation of the failure surface of magnesium
alloy WLCT sample indicates that a typical fibrous fracture
appears (figure 8). For comparison an aluminium alloy intrinsic
curve 1is shown in figure 7. The aluminium alloy (cubic centered
cristallographic system) is generally considered as an isotropic
material, which is not the case of magnesium alloy (hexagonal
crista]]ographic system). The mutual effect of approximatively
orthogonal to the principal maximum stress direction. The geome-
trical influence including mode IIT friction effects gives an
underestimation of KI values for g angle higher than 45°, This
phenomena appears on éﬁ% two intrinsic failure curves.

CONCLUSION

Dynamic fracture toughness of a magnesium alloy, 1in mixed mode
of Tloading has been measured using a split Hopkinson pressure
bar apparatus and thin tubes.

The intrinsec failure curve presents a large portion which is
independent of the mode I equivalent elastic stress intensity
factor. This phenomenon can be explain by the orthotropy and the
ductility of the material.

LIST OF SYMBOLS
— DOV

P strain rate sensitivity coefficient

CIZ:Z shearing stresses in torsion test at constant shearing
strain rates

8‘] ¥,  shearing strain rates

K stress intensity factor rate

€ strain rate

Re yield stress

Rm ultime stress

8 crack angle with Tongitudinal direction of the tube
a half crack Tength

¢ crack depth
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critical applied load (WLCT)
critical load (WLCT)

wedge angle

friction coefficient
celerety of the wave

time to rupture

apparent fracture toughness

critical equivalent elastic stress intensity

(mode 1)

Irwin plasticity coefficient

poisson's coefficient

membrane, mode I stress intensity factor
membrane, mode Il stress intensity factor

bending, mode I stress intensity factor

bending, mode Il stress intensity factor
membrane stress

non dimensional stress intensity factors
refers to membrane, I to mode 1)

refers to membrane, to mode 11)
refers to bending, to mode 1)

refers to bending, to mode 11)

factor

(subscripts

(subscripts
(subscripts

(subscripts

coefficient stress intensity factors correction coeffi-

cients

finite length correction
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R
Figure 1 : Stress-strain
defTection curves for dynamic Figure 2 : Thin tube sample
and static loading rates P iy -
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Figure 3 : WLCT 20 SAMPLE Figure_ 8 :

€ 8 @ Fractography of dynamical-
1y Toaded mg specimen (WLCT)
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o
220

e« 8 000"

DIGITAL OSCILLOSCOPE SIRAIN
GAGES

GRAPHIC pLOTTER

~00 *00

/|

Figure 4 : Split Hopkinson pressure bar

Figure 5 : Pressure chamber
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Figure 6 : Typical exemples ofregistered transmitted wave
a) the critical value of the b) Inertial effects lead to an
pressure can be easily determined average value
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3 Mg DYNAMIC VALUE OF Kde WLCT 20mm THICKNESS : 48,5 MR/
20

40

Y
P e - 2 N
e o & C? AN
0 © 2 B3 0 ELASTIC EQUIVALENT S.iF
Ka=A3 MEFnZ k=43 10° MPam /g Kie (MPavem)

R4=2,5105M%m/5
>
Figure 7 : Intrinsic tailure curve for Magnesium
and aluminium alloys
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