TENSILE AND TORSIONAL FRACTURE
OF LOW CARBON STEEL AT LIQUID
NITROGEN TEMPERATURE
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ABSTRACT

Mechanical, microstructural and crystallographic factors are involved
eonvolutedly in macroscopic brittle fracture behavior of polycrystalline
low carbon steel, In order to study not only the each factor separately
n a simple case, but also the interactions of these factors, in thisarticle
the following investigations were made. (a)The effect on brittle fracture
stress gradient as induced by the wall thickness of torsion sSpecimens
and by the notch effect, (b)The temperature dependence of torsion frac—
re stress at low temperatures with the purpose of confirming the pre-
ious conclusion on fracture criterion for brittle fracture,
- A theoretical consideration also has been attempted for another ex-

planation of brittle fracture criterion and macroscopic brittle fracture
path,

§1. INTRODUCTION

Mechanical, microstructural and crystallographic factors are in-
volved convolutedly in macroscopic mechanical behavior of polycrystal-
line solids. Therefore, it is needed to study not only the each factor
separately in a simple case, but also the interactions of these factors
as clue to the understanding of macroscopic or overall mechanical be-
havior. For the case of brittle fracture of steel, such type of studies
have been made on tensile and torsion fracture with uniform stressdis-
tribution at liquid oxygen' ) and nitrogen tempera‘«.tures.z)‘Srgl In the
_ present paper the effect on such type of brittle fracture of stress gra-—
dient as induced by the wall thickness of torsion specimens and by the
_notch effect were studied, The temperature dependence of torsion
fracture stress at low temperatures was also investigated in order to
_ confirm the previous conclusion?) on fracture criterion for brittle
fracture,
A theoretical consideration also has been attempted for another

explanation of brittle fracture criterion and macroscopic brittle frac—
ture path,
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§2. EXPERIMENTAL

2.1. Material and Specimens Preparation

The two kinds of low carbon steel were used. The one was 0,04%
plaln carbon steel, a killed type, basic electric-furnace steel Supplied
in the form of hot-rolled plate 1524 X 6096 X 32 mm from a 6,3 ton steel
1n.got. From blanks, cut parallel to the direction of rolling, the bars
with 2.2 mm diameter were forged, The chemical composition of the
Steel is given in Table 1 . We denoted this material as L-steel, The
other_material was 0,03% plain carbon steel, electric arc furnace steel
Supplied in the form of hot-forged block 300 X300 X300 mm from 9 ton

Steel ingot. The bars with 25 mm diameter were forged from the block,

The chemical composition of the steel is given in Table 1, We denoted
this material as M-steel,

One set of the samples of L-steel were annealed at 950°C for an
bour. pPrior to the machining into the specimens with the shape as shown
in Figs, 1 and 2. Then they were annealed in vacuum at 65000 for an
hour for stress relief, The ferrite grain size was ASTMGSNo,7.0.
We denoted this set of the specimens as LA-specimens, LA-specimens
were used mainly for study of the effect of the ratio of the inner diameter
to the outer diameter, D Dy, of the specimens and the stress gradient

on the fracture behavior,

A few samples of L-steel were given tensile strain of 10% at room
temper:jtture and were machined into the Specimens with the shape as
shown in Figs,.1 and 2, They were held at 1050°C for 10 hours,
fc?llowed by colling at cooling rate of 409C/hr in furnace, The grain
Size was ASTMGSNo,2.,5, LB-specimens as which we denoted them
were used for studying the effect of the grain size on the torsional
fracture stress of the solid, not hollow cylindrical specimen,

Samples of M-steel were annealed in vacuum at 950°C for 1 hour
afterthe machining into the Specimen with the shape as shown in Fig, 3.
The ferrite grain size was ASTMGSNo.3.5, We denoted this set of the
sSpecimens as M-specimens, M-specimens were used for the study of
the t?mperature dependence of the torsional fracture stress of the
Specimens with thin-walled hollow cylindrical shape (D2/D‘]=0.833), and
thus fracture criterion,

2425 Testing Procedure

F(.)r LA and LB-specimens, tensile tests and torsion tests were
carrlled out with 30 ton tensile testing machine and with 120 kgm Amsler
torsion testing machine respectively, with normal slow strain rate
l(about 0.01/min) under liquid nitrogen temperature specimens being
immersed in a container filled with liquid nitrogen,

F'or M—specimens, torsion tests were carried out using combined
tensmp and torsion testing machine designed by our laboratories wit
a coaling chamber patterned after the design of Wessel and Olleman©®).

tersion tests were carried out in the temperature range 20 to -1 96°¢C,
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and, however, torsional fracture stress could only be obtained in the
_ range -160 to -196°C as described in §2.3, The strain rate was about

0,1/min,

3 Results and discussion

The results obtained and the analysis of them are as follows:

The type of torsion fracture depends on the wall thickness of the
specimens, The fracture is shear type semi-brittle fracture for

the specimen with a thickness larger than a critical one. On the
other hand, it is cleavage type brittle fracture for the specimen

with a thickness smaller than a critical one. This characteristic

is shown in Fig.4, This is confirmed by metallographical exami-
nation, and also is seen in the plastic strain prior to fracture as
shown in Fig,5.

In the case of shear type semi-brittle torsion fracture, the mode of
crack changed into cleavage brittle crack during its propagation,
The shear type semi-brittle crack path follows almost along the
plane normal to the specimen axis, and, on the other hand, the
cleavage brittle crack path follows along a spiral plane making

about 45 degrees with the specimen axis, This characteristic

is seen in Fig,6,

The two types of mode were observed when the shear type semi-
brittle crack changes into cleavage crack during its propagation,

In the first type, the shear crack changes into cleavage crack at

the early stage of its propagation, and, therefore, the initial

shear crack is confined to the small part of the fracture surface
(Fig.7(a)). In the second type, the shear crack changes into
cleavage crack at the later stage of its propagation, and thus the
initial shear crack appeared as concentric circular crack (Fig.
7(b)). This characteristic is also revealed by metallographical
examination (etch pit method) as shown in Fig.8. In the case of

the notched specimens only the second type was observed,

The fracture stress and the maximum plastic strain prior to frac-
ture in the case of shear type semi-brittle torsion fracture increase
with increase of the specimen thickness (Figs.4 and 5 and Table 2),
This predicts that this type of fracture does not obey the maximum
shear stress nor maximum shear strain law,

In the case of the solid, not hollow specimens and the notched speci-
mens with grain size ASTMGSNo, 7.0-2.5 and ASTMGSNo, 7,0
respectively, fracture occurred as shear type semi-brittle fracture.
The torsion fracture stress of LA3-4 specimens at -196°C increased
by 5% when prestrained by 32% torsional strain at room temperature,
For the range of the specimen size in the present experiment, the
size effect on fracture stress is negligible (Table 3). Thus, from
the analysis of the results, the effect of the specimen bar thickness
upon the fracture stress in the case of shear type semi-brittle torsion
fracture is considered as due to the stress gradient effect,

(8) From the results (1) and (7), it may be concluded that the cleavage
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fracture is retarded by the stress gradient. Therefore, it may also
be the case in the notched specimens, which is not inconsistent with
the present experimental results in the case of torsion fracture.

(9) On the other hand, notch cleavage brittleness was induced by triaxial
tension under the tensile test (Table 3). However, in an annular
notched torsion specimen, triaxial tension is zero at least in a first
approximation, and, therefore, the notch cleavage brittleness does
not occur in the presen)t torsion test,

In the previous article” the torsional fracture stress Tst 1s compared

with the tensile fracture stress O—tf' and we were led to the conclusion

that the fracture criterion for this cleavage fracture in low carbon steel
does not obey the maximum tensile stress law, nor the maximum shear
stress law nor the von Mises criterion., The justification in comparing
them is based on the following experimental facts: Fracture in both the
tensile and the torsion test are of cleavage type, and the testing tempera-
ture -196°C is thus assumed to be below the ductile-brittle transition
temperature. Moreover, such metallographic features3) observed as
slip, twinning and microcracks were quite similar in both the tensile and
the torsion test, and also electron microfractographical study4) reveals
no essential difference between the tensile and torsional fractures. 1In
this article the temperature dependence of the torsional fracture has been
studied to confirm the justification still more, The resultis shown in
Fig.9. Above -1600C fracture is of ductile type, the amount of deforma-
tion is extremely large, and, therefore,fracture stress could not be deter
mined. Except this, the temperature dependence characteristic appears

to be similar as that indicated by many previous tensile test data in litera—

tures, /8) Only difference is that ductile-brittle (ductility) transition

temperature is lower in torsion test than in tensile test with the low carbon

steel with the similar amount of carbon and silicon and a)lmost the same
grain size, that is, Ferrite F2 (course) by Hahn et al,7 Nevertheless,
at least at -196°C we are justified in considering the tensile fracture and

the torsional fracture in such low carbon steel as the same type of fracture
mode in that the metallographic features3) and electron microfractographical

characteristics4 are similar and that in both fractures fractures are of
cleavage type</ and fracture stresses are higher2 3) than yield stresses,

Thus we may be justified in being led to the previous conclusion?) that
the tensile stress component and the shear stress component of applied
stress should be involved at the same time in cleavage fracture, If any
dislocation model or atomic model is responsible for the macroscopic
fracture stress of this type of fracture, the model shoxﬁld lead to such
stress criterion. A model was proposed previously, On the other
hand, as will be shown in §3, it is possible to show that another fracture
criterion of this type is obtained by the local maximum tensile stress law
using the initially cracked model,
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§3. A THEORETICAL CONSIDERATION ON BRITTLE FRACTURE
CRITERION AND MACROSCOPIC FRACTURE PATH

3.1, Introduction

With respect to the macroscopic cleavage fracture path the following

has been observed in experiments1 )-4) on thin-walled cylindrical speci-
mens of low carbon steel at liquid nitrogen temperature: In tensile
fracture the macroscopic fracture path is nearly perpendicular to the
specimen axis, and in torsional fracture, it is oblique by about 45
degrees with the specimen axis. These macroscopic directions are
#lmost perpendicular to the macroscopically maximum applied tensile
stress component, but fracture does not obey the maximum tensile
stress law as noted by Yokobori.”‘4 These characteristics have
not yet been sufficiently explained from a unified standpoint of view.
In the present article, it is attempted to explain the above-mentioned
experimental facts on the macroscopic cleavage fracture path as well

~ as fracture criterion of this type in polycrystalline low carbon steel,

3.2, A proposed model of formation of the macroscopic fracture path

In our tensile and torsional tests at -1960C2)-5) fracture of low
carbon steel is completely cleavage and is initiated by cleavage micro-
cracks. Based on these experimental facts, we propose the following
model: A cleavage microcrack P}P, is formed in the grain Gg, and is
stopped at grain boundaries as shown in Fig.l10. Crack propagation
in the right hand direction only will be considered, since that in the
opposite direction may be treated similarly, When the applied stress
reaches some critical stress, this microcrack gets over the grain
boundary and propagates in the grain Gy along a cleavage plane P,Pq
of the grain G1., This stage is called the lst stage. Next, the crack
propagates further in the grain Gp along a cleavage plane P1P) of the
grain Gp. This stage is called the 2nd stage.*™™ 1In the similar way,
the crack continues to propagate through the 3rd stage, the 4th stage-
--——. It is assumed that the crack does not change its path from one
cleavage plane to another in one and the same grain. This is based
on the observation that the cleavage fracture path is generally con-
sisted of straight segments of about a grain diameter in length,

Let n be an arbitrary positive integer, The direction of propa-—
gation at the nth stage, i.e, that of the segment Pp_1Ppn must satisfy
the condition that it is the direction of a cleavage plane of the grain

**%% So far as the direction of propagation of the initial (primary)
microcrack, that is, the direction of the secondary crackz, is
concerned, the studies have been made by Erdogan et all

and Schroder et al1453 for a slit crack and an e%liptic crack
respectively. On the other hand, Cotterelll?) treated mainly
on the direction of crack propagation at an arbitrary instant,
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Gpe We call it the crystallographic condition, This alone cannot

determine the direction of the segment P _1 P), uniquely, since the body-

centered cubic lattice has three cleavage planes perpendicular each
otheI". Another condition required in addition to the crystallographic
condition must be one connected with mechanical state of a specimen,
We call it the mechanical condition,

may be considered, Among them we adopt one that the segment Pp_1Py,

1S 1n accordance with the plane on which tensile stress has the maximum,

i,e, the plane of the maximum tensile stress, unless any obstacle by
other factors is present, Thus, combining both the crystallographic
and the mechanical conditions, it is assumed that the segment Pp_1 P,

is in accordance with one of cleavage planes of the grain Gp on which the

tensile stress is the largest of tensile stresses on cleavage planes.

3.3. The essential nature of the mechanical condition

In this section, we consider an isotropic, homogeneous solid, that is,

an i.deal case in which the plane of the maximum tensile stress at the
tip is always in accordance with one of cleavage planes of an adjacent
grain, By considering such an ideal case, the essential nature of the
mechanical condition adopted in §3,2 will be understood.

Firstly, let's consider a slit crack of length 2C in an infinite
fela.st'ic solid subject to both tensile stress O and shear stress Tat
infinity as shown in Fig.11, Let 6% be normal stress on a plane OP
at a point P in the neighborhood of the crack tip O, 65 is given as:9)10)

6_ = -—I-- —(:_ _Q_ —_— i
7 | 2r €955 | 6(I+cose)~3Tsing ; (1)
where_e i§ the angle between the plane OP and the positive x direction
and r is distance between the point P and the tip O such that r & C.

Let ®p, be © at which Os has the maximum for a fixed value of r, &
is obtained by solving the equation a@;/ae =0 as:

30+ 0/ 8 °+ GZJ
4

9T%*+ o2

On=T co5’ { (2)

whex.'e the negative and positive signs are for T 20 and T € O res-
pectively, and values of arc cosine are to be taken between O and .

Substituting Eq, (2) into Eq. (1), O_Gmax the maximum of Og is obtained

as:
S !

3
G [ 24T 12T 0+ 0(8TH07)?
2r 2(9T*+ 02) (3)

Omax —

It is to be noted that these results are valid for 0<0 as well as for

G 2 0.
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Now, we consider crack propagation under uni-axial tension. In
Plg.12 the y axis is taken in parallel with the direction of the applied
onsile stress P, or the specimen axis, When propagation has finished
the (n-1) th stage, the macroscopic fracture path is consisted of n seg-
ments P'oP,, PoPq, ——————- y PnoPn-1. Let ¢0! ﬂ‘] g T ’ ﬁn—T
be the angles between the positive x direction and the segments FJ Fy,
P,Py, =—== Pp_2 Pp_q, respectively. Also, let €, be the angle
between the plane of the maximum tensile stress at the tip Pp-1 andthe
- prolongation of the segment Pp_pPp-t. Strictly, €, is dependent on
_ull of f(50, ﬂ')1 —— ¢,1_1 « In the present article, however, we assume
it a first approximation that 9, is a function of Dh-1 only. Then, €
8 obtained by substituting 0= Pcos2¢y,_1 and T = Pcosfh_{sinf_1

nto Eq.(2) as:
=l 3Tarf¢n—l + J8fa)12¢n—| + | ]
’

et By “

where the negative and positive signs are for OLHh-1 & gand - g <
Dh-150, respectively. Since we are treating such an ideal case in
hich the plane of the maximum tensile stress is always in accordance
_with one of cleavage planes, the angle between the direction of propaga-
tion at the nth stage, i,e, that of the segment Pp-1Pp and the positive x
direction, 0y, is given as:

qbn G ¢n—l + Qm. G)

The calculated values of Q’x are plotted against %_1 in Fig.13. The
curve for fy,_1 <O is not shown., %y, is an odd function of Dot .

Next, let's consider a problem of getting D1y D2y ===, Dh,y ===m
when Kﬁo is given arbitrarily, This problem can be solved by the
following graphical method most conviniently: In Fig,14 the Qa curve is
shown as in Fig.13, The straight line denotes On = Hh-1. Draw a nor-
mal to the f},_1 axis at the point (%o, O), and let the point A be the inter-—
section of this with the ﬂﬁh curve. Then, draw from A a parallel with
the %_1 axis and let B be the intersection of this with the line ﬁﬁn = Dn-1.
Draw from B a normal to the @,_1 axis, and then b; will be obtained as
the ¥h—1 coordinate of the intersection of this with the On-1 axis. In
the similar way, ,02, ,03, —-—= can be found, Applying this method to
various values of Q), the following general results are obtained. When
ﬂﬁo is 0% or 600, Q = ﬁg = --—= =09, i,e, the direction of propagation
during each stage is always parallel to the x axis., When ﬁﬁo is neither
O° nor 60°,

(i) (6)

Lim b, =0

Nn- e
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i PP, <0 (M22) (7)

Eq.(6) implies that the final direction of propagation is parallel with
the x axis., Practically, this steady state is attained at a rather early
stage. For instance, ¢30 =0.5° when O, = 10°, Eq.(7) implies that
deviation of the direction of propagation from that of the x axis at two
successive stages are opposite sense each other, and therefore cancel
partly. For example, ﬁzg + £330 = 0,05° when bo =109, From these
results, it may be concluded that the macroscopic fracture path under
tension in the ideal case is perpendicular to the specimen axis in-
dependent of the orientation of an initial microcrack.,

Next, we consider crack propagation under torsion in this ideal
case, The case of simple shear will be treated. In Fig,15 the x and
y axes are taken in parallel with the directions of the applied shear
stress S. The u axis makes 459 with the x axis and therefore per-
pendicular to the macroscopically maximum applied tensile stress.,
When propagation has finished the (n-1)th stage, the macroscopic
fracture path is consisted of n segments P{P,, PoP1, =——=, Py_oPy_1.

Let%,\}q y ———— ’VH-1 be the angles between the positive u direction

and the segments P}P,, P Py, -——-, P_oP, _1, respectively. Also,
let €, be the angle between the plane of the maximum tensile stress at
the tip P,_4 and the prolongation of the segment P,_oP,_1. Substituting
O= S cos Z\ffn_1 and (= S sin 2V’n_1 into Eq.(2), €, is obtained as:

=t 3ta$\2Wn—l1'/8tdnsz{-,+l
Om=Fcos
9 tart Wi + |

] for oilg L
(8)

_ =t 3tan2¥—/ Btak 2%t T 18
em— +CO5 [ qta’:zw-n—lf/ } for Ié'%—ll —<_‘:_2- ,

where the negative and positive signs are forl//‘n_1 2 O and an_1 £0
respectively, The anglell/;1 between the direction of propagation at the
nth stage and the positive u direction is:

Vn= Vit Om ©)

The calculated values of Vn are plotted against 1//}1_1 in Fig.16,

The curve for WD-T { O is not shown, '(lfn is an odd function of W‘n_1 .
The macroscopic fracture path can be studied by the similar method

as described in the case of tension, The results are as follows:

When% = O°,‘(I/'1 :V/é = -=—- 09, i,e, the direction of propagation

during each stage is always parallel with the u axis, When]//c') is not OO9,
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@ if Y >07, LimYin=30" and Lim Y, = -30°
it v, <o0°, %L’:‘Vm=‘3°° and m%"F 30°

(i) V¥ <O (M21), (11)

Eq.(10) implies that the final path of fracture follows a zigzag line con-
#isting of segments oblique by 30° and -30° with the positive u direction
alternatively. Therefore, the overall, macroscopic direction of the
fracture path in the steady state is parallel with the u axis. Practically
- this steady state is attained at a rather early stage. For example, ‘yj‘z
= 30,59, %: -29.99 and ‘//'2 + Wj = 0.6° when % =100, The meaning
of Eq.(11) is similar to that of Eq.(7). From these results, it may be
oncluded that the macroscopic fracture path under torsion in the ideal
case makes 45° with the specimen axis independent of the orientation of
an initial microcrack. The present treatment suggests that the mecha-
nical condition adopted in §3,2 has suchanessential nature as makes the
macroscopic fracture path perpendicular to and oblique by 45° with the
specimen axis in the case of tension and in that of torsion, respectively.

(10)

3,4 The macroscopic fracture path
(1) The case of uni-axial tension

In this section, we consider the macroscopic fracture path in poly-
_crystalline solids, in which the plane of the maximum tensile stress at
the crack tip does not accord with any of cleavage planes generally.
Let's consider the nth stage of crack propagation. In Fig.17 the
coordinates system is taken in the same way as in Fig,12, Since the
present treatment is two-dimensional, it follows that there exist two
cleavage planes passing the tip P _4 (C1C3 and C2C4) of the grain G
which are perpendicular each other. Therefore, four directions, Pj_1q
Cty Pn-1C2, P n-1C3 and Pp-.1C4, satisfy the crystallographic con-
dition at the same time,
not belong to the interior of the grain G.
we assume that all the directions passing the tip Py~1 belong to the

Of course, some of these four directions may
For simplicity, however,

interior of the grain Gp. This assumption will be discussed in §3.6.

Thus, it follows that propagation at the nth stage occurs along one of
planes P, _1Cqy, P,_1Cp, P,_1C3and P,-1C4 on which 05 is the
largest of 65 on the four planes. On the other hand, crystallographic
orientations of grains in a specimen have generally a random distri-
bution, From this and the above assumption, it follows that all the
planes passing the tip P,_{ have equal probability of being a cleavage

plane, Then, the direction of propagation at the nth stage is located
in an angular region of /2 in which Ge are larger thande in the re-
mainder region. We express this regionby ®(0,_1) < & <B(Dn-1).
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Here, 0 is measured from the x axis in anti-clockwise direction,
o((,@nq) and ﬂ(ﬂ n-1) are determined by the following conditions:

o (% (B)<P<BB) > 06 (P<t(h) and PB®.))
F(Pu) = () =L (13)

Oe in the case of tension is obtained by substituting 6= PcosZD 1
. n-
andT= Pcosﬁn_1s1nﬁ%_1 and © = ¢—¢H_1 into Eq.(1) as:

G < Cos %&'[I t+ os(P-B,.)- 3tanh., sin(¢-¢,,_,)] (14)

The calculated values of o((ﬁn_ﬂ and ﬁ(ﬂlq) by Eqs,(12),(13) and (14)

are plotted in Fig,18, 1/2 {O((,Z')h_1) + ﬁ(%_ﬂ} is also shown. It

m.ay be notic?d that 1/2{(1(@1_1) + ﬂ(ﬂﬁn_1 )} is almost equal to Ql in
F1g..13. This means that the direction of the plane of the maximum
tensile stress at the tip Pp_1 is almost the middle of the region 0((%..1)

<H< BB-1).

Novs./, let's consider crack propagation initiated by a microcrack with
an arbitrary value of Do. Let F1q (6{) be the probability density function
of the direction of propagation at the 1st stage,
ment, F4 (ﬁ) may be expressed as:

F 8y = { /90 X(@)< P < B(3)
0 PLAR) or P>B(B)

Propagat'ion at the 2nd stage must be considered for all the directions of
propagation at the 1st stage with weight proportional to F{(0), There-
fore, F2(£5) the probability density function of the direction of propaga-
tion at the 2nd Stage becomes as follows:

130
F@)= | Fwf(4w) do,

—i%0
I X
e e
0 P or B (w),

and Wis a variable of integration, Generall ili

_ - ; . ¥, Fn(9) the probabilit
density fur}ct1on of the direction of propagation’at the nth stage is eg-
pressed with Fj,_1(0) that of the (n-1)th stage as:

go
P9 = [ Fo (w48, ) dio,

—i50

(12)

From the above argu-

(15)

(16)

where

(17)

(18)
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aleulation of Fn(p) was performed by approximating the curves of
Aihy.1) and B(Dn-1) in Fig.18 by stepwise ones with interval of 5° as
ﬁfmwn in Fig.19, since precise calculation is very complex, Among the
#usults, that for ﬁﬁo = 22,59 is shown in Fig.20. Here £5§ is the mean
value of the direction of propagation at the nth stage calculated by the
foilowing formula:

B = | PRt d.

Also, F; and Fp are:

Fa' = Jys, Fn(®) dgh
Fo =) yeo Fr(®)d.

The results for other values of ﬁo showed the similar trend as that

shown in Fig,20.

~ From this calculation, the followings may be concluded, When ﬁo =
0° or 60°, F(P) during each stage is always symmetrical with respect to
= 0%, When @, is neither 09 nor 60°,

(i) As n-00, Fn(D) becomes exactly symmetrical with respect to 0=
. Practically, symmetry is attained at a rather early stage as the
present calculation shows,

(i) The deviation of Fn(0) from exact symmetry at two successive
tages are opposite in direction and therefore cancel each other

artly,

~ Thus, the present theory predicts that the macroscopic fracture
path under tension is perpendicular to the specimen axis independent
of the orientation of an initial microcrack.

(19)

(20)

(2) The case of torsion

Next, we consider the case of torsion. The coordinates system is
taken in the same wayas in Fig.15., Let Yn-1 be the angle between the
direction of propagation at the (n=1)th stage and the positive u direction.
The direction of propagation at the nth stage is located in an angular
region of M/2, We express this region by $(Yn-1)< V<Y1,

Here, 1//' is measured from the u axis in anti-clockwise direction,
f(yfn_ﬂ and 7](7//}1_1) are calculated in the quite similar way as in the
case of tension. The results are shown in Fig.21, At such Vn—1

for which 2 (Y,_q1) > 7(%_1 ), the region ;(%_1 )< W( N (Vy-1) should
be understood as the regions 3(¥,_1)< ¥ < 180° and =180 <Y< (Yh-1).
1/2 {;(%_1) +7 (V-1 )} is almost equal to ¥, in Fig.16 as in the case of
tension, In the case of torsion, however, ’;(%_1) and |77(?//'n_1)l
exceed 90° for some values of %_1 between -90° and 90° and therefore
the curve for[]/fn_ﬂ 7 90° must be shown, Another characteristic
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which was not seen in the case of tension is that there exist such parts
where 0 £ O in the region 3(Yno1) < W< (?)Vn_1). These parts a
marked by hatching in Fig.21., If the direction of propagation falls in
such parts, successive propagation will not be possible, In the present
treatment, however, we do not consider such a phenomenon, and so the
hatched parts are omitted from consideration, Now, let Gn(Y) and Yy
be the probability density function and the averaged direction angle of
propagation at the nth stage, These can be calculated in the similar ,
way as in the case of tension using the approximated functions of f(l/’n,
and 4 (an) as shown in Fig,22, Among the results, that for %
= 22,5° is shown in Fig,23, Here, G# and Gj have the quite similar
meaning as F;*l' and F'[jin the case of tension, respectively., For other
values of 'I,Vo, the similar trend was found, Therefore, the followings
may be concluded: When Vfo =09 G(W‘) during each stage is always
symmetrical with respect to Y= 0°, When Yo % 09, ) i ] i
(i) As n—>oo 3 Gn(‘(//‘) becomes exactly symmetrical with respect to ]ﬁ‘= , specimen, Sillrlce a spef:imen contain_s .mlcrocracks with random orien-
02 Practically, symmetry can be attained at a rather early stage as tations, Ppy. is determined by the minimum of Pt(0o). Therefore
the present calculation shows,
(ii) The deviation of Gn(Y) from exact symmetry at two successive stage
are opposite in direction and therefore cancel each other partly,
Thus, the present theory predicts that the macroscopic fracture path

under torsion is oblique by 450 with the specimen axis independent of the
orientation of an initial microcrack,

3 4
_p[C 24 [ At P +12tanP +] + (BlanD+1)7 )2 22
%M_PJTEU’S(R[ 2(Qtaid+1) ] i

. iﬁt Pf(,@o) be the stress required for propagation of a microcrack with
‘orientation Po. From Egs.(21) and (22), Py(p o) is obtained as:

3 _1
W% | [ 2tand +I2taapt/ +(3tard 1 ]
FR=KFE o [ 2 (9t pit1) ]

(23)

' , 21

articularly, Py(0) = K TL .

The calculated values of Pr(0)/Pg(0,) by Eq.(23) are plotted against
gg in Fig,24, It is seen that the microcrack with the orientation of ¥,
#20° is weakest, Now, let Pty be the tensile fracture stress of a

P _ K 2K (24)
= Le3 | € .

Next let's consider the case of torsion, The coordinates system is
taken in the same way as in Fig,15, Let Sf(])ll‘o) be the stress required

for propagation of a microcrack which makes an angle 1[/'0 with the

_positive u direction. Then, Sf(%) is obtained in the similar way as in
i

3.5 The fracture criterion

In thi ” E i a fract iterion based . _ the case of tension as: 2-7

11 thls section, we will propose a fracture criterion base on the ’ 4 2 - 2
proposed modelin §3.2. We assume fracture stress is not determined by & (V)= K 2k / [24&" 2ot 12 tn 2ot +(8fizn2?/{+')] (25)
formation of cleavage microcracks but by propagation of those, since fhTe C lCOSZV’.'I Z(Qta.fN:H) y
cleavage microcracks are observed before fracture.7)3) Now, we assume - where the negative and positive signs are for Ir < llm LT and O
that if propagation at the 1st stage is initiated, the subsequent propagation . . 4 2r 2
can occur without any increase in the applied stress, Thus, the fracture él%l éZTT ! respectively, Particularly, Sf(O) = K ’_E:_C . The

stress is assumed to be the stress required for propagation at the 1st stage
i.e., initiation of the Secondary crack from the initial crack, Further
we assume that propagation at the 1st stage occurs when (Jgmax, the
maximum of stresses O¢g at points with distance ro from the tip of an
initial microcrack reaches a certain critical value K, i,e, when the
condition

calculated values of S¢(0)/Sg( %) by Eq,(25) are plotted against Y, in
Fig,25. Tt is seen that the microcrack with the orientation of Y, = 300
is weakest, Now, Sty the torsional fracture strength of a specimen is
obtained as the minimum of Sf(V/'o) as:

K | 2r
Str= T3> . 26)

According to the present theory, the ratio of the torsional fracture
stress to the tensile fracture stress is calculated from Egs.(24) and
(26) as:

Obmax = K (21)

is fulfiled,

Firstly, let's consider the case of tension., The coordinates system
is taken in the same way as in Fig.12. Let f, be the angle between a
microcrack and the positive x direction. Genlax is obtained by sub-
stituting 0 = Pcos2¢o and T= Pcosfysinf, into Eq.(3) as:

Str/ Py = 0.79 | (27)

The present theory is implicitly based on the assumption that the plane
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of the maximum tensile stress near the tip of a microcrack is in accor=-
dance with a cleavage plane., This will not be satisfied in general, So,
Strand Py may be effected by this factor, However, the ratio Sfr/Pfr

will not be changed seriously, since effect of this factor on St and Ppp
are considered to be of the same degree,
On the other hand, Priestner and Louat”) has proposed the following

condition for propagation of a crack subject to both normal stress (" and
shear stress T as shown in Fig.,11:

The theory predicts that the direction of the macroscopic fracture
pth is independent of the orientation of an initial microcrack. This is
important in the sense that the macroscopic fracture path is determined
unly by such a continuum mechanical aspect, whatever dislocation mecha-.
fiiam or whatever micromechanism may be as the microcrack formation
G,
Another important prediction of the present theory is that the maecro-
#eopic fracture path is not affected essentially by such a random statisti-
¢ul factor as crystallographic orientations of grains. This may be
understood from comparison of the result of §3.4 with that of §3.3. Inthe
heory, the shapes of grain boundaries are not taken into account, If
this is done, probability of existence of a cleavage plane at the crack tip
will be dependent on the direction, and so the shape of the curves of Fn
{$)) and Gn(VY) will be somewhat modified, However, such modification
will not affect the essential result of the theory, since the factor of
hapes of grain boundaries is a rondom statistical one just as the factor
of crystallographic orientations of grains is.
As for the fracture criterion, our theory indicates that the ratio of

the torsional fracture stress to the tensile fracture stress is about 0.79.
This is near to the experimental ratio2 ~4) which is ranging from 0.55

to 0,82 depending on grain size, On the other hand, the ratio becomes
1.0 according to the Priestner and Louat's theory.

04 T = 2% 28
m(-v2)C (28]
thre E is Young's modulus, 'X is the surface energy, )V is Poisson's
ratio and C is the half length of a crack. This condition is an ex—
tension of the Griffith! 2) energy condition. However, it is to be

noticcd thct Eq.(28) is based on the assumption that a crack expands in
the direction of the prolongation of the crack axis.

Now, if Eq.(28) is used instead of Eq.(21), Pp(0,) becomes as follows:

_ |_2EY /
() = [i5he wg, _ 29)

Particularly, P;(0) = -1y .

3.7 Conclusions
Similarly, Sf(l//‘o) and S¢(O) are:

H(,-.VI)C : Using elastic continuum mechanics, the study has been carried out on
the problems concerning fracture criterion and macroscopic cleavage
2EF fracture path in polycrystalline low carbon steel, The conclusions are
S ( = 0) = | =F~—— 30 _ as follows:
(W)= 5,(0) AT (30)

. (1) Assuming (macroscopic) fracture stress is determined by the initia-
_ tion of the secondary crack from the tip of the initial (primary) crack
already initiated in the body, fracture criterion for this type of cleavage
fracture was obtained, The theory indicates that the ratio of torsional
fracture strength to the tensile fracture strength is about 0,79, which
seems to be near the value in our experiments,

(2) The proposed theory predicts that the macroscopic fracture path is
perpendicular to, and oblique by 45 degrees with the specimen axis in
tension specimen and in torsion specimen respectively for this type of
brittle fracture, This indication is in good agreement with the experi-
ments,

(3) Since the length of the initial crack, 2C is considered equal to the
grain diameter , Eqs,(24) and (26) mean that the fracture stress is
proportional to the inverse square root of the grain diameter, which is
in agreement with the experiments,

(4) The theory predicts that the macroscopic fracture path is independen
of the orientation of an initial microcrack., It is very important in that
the macroscopic fracture path is determined only by such a continuum
mechanical aspect, whatever dislocation mechanism or whatever micro—
mechanism may be as the microcrack initiation one,

The calculated values of P¢(0)/Py(Do) and Sf(O)/Sf('l//:)) by Eqs.(29) and
(30) are shown in Figs.24 and 25 respectively,

P and Sfy. are obtained
as:

_ _ 2EY
PJrr o Sfr =1 T({-v3C o)

Therefore, according to the Priestner and Louat'

: s theory the ratio of the
torsional fracture stress to the tensile fracture s

tress becomes as follows:

Sfr/ Pfr: [.0 i (2)

3.6 Discussion

The present theory predicts that
path in pol.ycrystalline solids is perpendicular to and oblique by 45
degrees with the Specimen axis in tensile fracture and in torsion

fracture), respectively. This is in good agreement with the experimental
results?)-4) mentioned in §3,1,

the macroscopic cleavage fracture
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4, CONCLUSIONS

The results obtained and the analysis of them are as follows:
(1) The type of torsion fracture depends on the wall thickness of the
specimens. The fracture is shear type semi-brittle fracture for the
specimen with a thickness larger than a critical one.
it is cleavage type brittle fracture for the specimen with a thickness
smaller than a critical one.
(2) In the case of shear type semi-brittle torsion fracture, the mode of
crack changed into cleavage brittle crack during its propagation. The
shear type semi-brittle crack path follows almost along the plane normal
to the specimen axis, and, on the other hand, the cleavage brittle crack
path follows along a spiral plane making about 45 degrees with the speci~
men axis.
(3) The two types of mode were observed when the shear type semi-
brittle crack changes into cleavage crack during its propagation. In
the first type, the shear crack changes into cleavage crack at the early
stage of its propagation, and, therefore, the initial shear crack is con-
fined to the small part of the fracture surface. In the second type, the
shear crack changes into cleavage crack at the later stage of its propa-

gation, and thus the initial shear crack appeared as a concentric circular

crack. In the case of the notched specimens only the second type was
observed.

(4) The fracture stress and the maximum plastic strain prior to fracture
in the case of shear type semi-brittle torsion fracture increase with in-
crease of the specimen thickness,
does not obey the maximum shear stress nor maximum shear strain law.
(5) In the case of the solid, not hollow specimens and the notched speci-

mens with grain size ASTMGSNo.7.0-2.5 and ASTMGSNo.7.0 respectively,

fracture occurred as shear type semi-brittle fracture,
(6) The torsion fracture stress at -196°C increased by 5% when
prestrained by 32% torsion strain at room temperature,

(7) For the range of the specimen size in the present experiment, the size

effect on fracture stress is negligible, Thus, from the analysis of the

results, the effect of the specimen wall thickness upon the fracture stress

in the case of shear type semi-brittle torsion fracture is considered as
due to the stress gradient effect.

(8) From the results (1) and (7), it may be concluded that the cleavage
fracture is retarded by the stress gradient. Therefore, it may also be
the case in the notched specimens, which is not inconsistent with the
present experimental results in the case of torsion fracture.

(9) On the other hand, notch cleavage brittleness was induced by triaxial
tension under the tensile test (Table 3).

torsion test.,

(10) The temperature dependence of the torsional fracture has been studied

to confirm the justification in comparing the tensile and torsion fracture
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On the other hand,

This predicts that this type of fracture

However, in an annular notched
torsion specimen, triaxial tension is zero at least in a first approximation,
and, therefore, the notch cleavage brittleness does not occur in the present.

Tensile and Torsional Fracture of Low Carbon Steel

tress of low carbon steel at -196°C, The result was proved to be
‘ On the other hand, it is possible to obtain another theoretical expla-
nution for fracture criterion and macroscopic cleavage fracture path
mentioned above, Using elastic continuum mechanics, the study has
been carried out on the problems concerning fracture criterion and the
mmeroscopic cleavage fracture path in polycrystalline low carbon steel,
_ The following conclusions are obtained.
 {11) Assuming (macroscopic) fracture stress is determined by the
initiation of the secondary crack from the tip of the initial (primary)
erack already initiated in the body, fracture criterion for this type of
fracture was obtained. The theory indicates that the ratio of torsional
fracture strength to the tensile fracture strength is about 0,79, which
__seems to be near the value in our experiments,

12) The proposed theory predicts that the macroscopic fracture path is
perpendicular to, and oblique by 45 degrees with the specimen axis in
ensile fracture and in torsion fracture respectively for this type of
brittle fracture., This indication is in good agreement with the experi-
_ments,

{13) The proposed theory also predicts that the fracture stress is pro-
portional to the inverse square root of the grain diameter, which is in
_agreement with the experiments,

{14) The theory predicts that the macroscopic fracture path is indepen-
dent of the orientation of an initial microcrack, It is very important in
that the macroscopic fracture path is determined only by such a continuum
mechanical aspect, whatever dislocation mechanism or whatever micro-
_mechanism may be as the microcrack initiation one.
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Table 2. Torsion Test Results

14)K, Schroder, P, Packman and V, Weiss, Act. Met., Vol.,12, 1964, Wall Ratio of | Fracture [Shear Strain
P'1455- Specimen |Thickness ]grilg::ter Stress* prior to Fracture
15) B, Cotterell, Int, Journal of Fracture Mechanics, Vol.1, No,2 , 45 (t mm) | to Outer |(r kg/mm?)| Fracturd® e
1965, P,96, . : Diameter €)
(0y/D;)
La 1 _ 0.22 Cleavage
A 2 0.5 0.9 49.5 0.21 type
LA 3 1.0 0.8 5641 J2.57 Cleavage
LA 4 55.1 0.58 type
LA 5 1.5 0.7 57.4 1.99 Shear
IA 6 60.0 1.93 type
A 7 2.0 0.6 61.9 2.43 Shear
A 8 61.1 2.14 type
LA 9 2.5 0.5 59.8 2.01 Shear
LA 10 £1.9 2.34 type
LA 11 3.0 0.4 63.5 2.68 Shear
LA 12 61.9 2,42 type
LA 13 3.5 0.3 59.7 2,18 Shear
LA 14 62.0 2457 type
LA 16 63.8 3.70
LA 17 63.8 3.68 Shear
LA 25 5.0 o] 62.4 3.72 type
IB 1 54.3 2.26
LA 26 —_— s
LA 27 58.2 —_—
LA 28 59-3 E— Shear
LA 30 Notched Specimen 59,7 — Type
LA 35 60.1
LA 36 57.8

* Values calculated under the assumption that stress
distribution in a sectional area is uniform
** Values on the surface of a specimen
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Table 3. Tensile Test Results

Tensile and Torsional Fracture of Low Carbon Steel

804
i
+ 5 (
Wall Ratio of |Fracture Reduction| Fracture . 3 }\w‘*
*
Specimen| Thickness Inner Stress in Area Type § ; so0F
RO. (t mm) | Diameter |(¢ kg/mm2) (e) 2 £ \g\g\
to Outer . ‘9 Wk
Diameter § 3
(Dy/D7) 85 o (feavage type
5 o Shear type
Cleavage S 20 P
LA 50 1.0 0.8 103.8 0.328 Ty;‘;‘ ag 4 §
b
LA 54 105.3 0.352 Cleavage i 'IJ ¢n4 a,l‘ Q'S =
LA 62 5.0 0 105.7 0.360 T
Jpe
LA 65 108.5 0.389 Ratio of Inner Diameter
to Outer Diameter , Da/Di
1A 70 58.3 0.013 Cleavage
Lk 7 Notched Specimen 68.1 i Type Fig. 4 The dependence of the fracture stress in terms of
LA T2 65.0 0.013 maximum shear stress on the ratio of the inner

Values calculated under the assumption that stress
distribution in a sectional area is uniform

g
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Notch root radius= 0.25mm

(<)

Fig. 1 Tensile specimens.

Fig. 3 Torsion specimens (M-specimens),

Fig. 2
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D=10,0.= 9,876,543 mm
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w0 30— /0
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(b)
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PN

e——d0—— 10 30— 10
L 30

Notch root radius = 0.25 mm
)
Torsion specimens (L-A
specimens and L-B spe-
cimens)sD;=Outer dia-

diameter to the outer diameter. The maximum shear
stress was calculated based on the stress-strain
relationship obtained from torsion tests on the
solid specimens at -196°C.

Strain prior to Fracture im
tirms of Mazimum Shear Strain

o (leavage type
o Shear type

L 1 1

L
4 o2 24 06 (24

Ratio of Inner Diameter
to Outer Diameter, Ds/D,

1

meter, Dy=Inner diameter.

Fig. 5 The dependence of the maximum shear strain prior
to fracture on the ratio of the inner diameter
to the outer diameter.
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Tensile and Torsional Fracture of Low Carbon Steel
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Fig. 7 Two types of the change in the fracture mode in
torsion fracture of the solid specimen. (a), the
first type; (b), the second type.

Fig. 9 The temperature dependence of the torsional
fracture stress,

Shear type Cleavage type
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Fig.10 A model of formation of the macroscopic Fig.ll A slit crack
fracture path. subject to
both normal
stress and

shear stress.

Fig. 8 Typical examples of photomicrographs of the etch
pit test results. Test specimen NO.LA25.
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Fig.21 Possible directions of crack propagation under torsion.
When the angle between the direction of
the (n-1)th stage and the direction making 45° with the
specimen axis is I}fn_l, that for the nth stage is
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restricted in the region ;(1}’“_1)<If'(7[(vfn_1)-
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1.2
L Present Theory —
\\\\
o8 b
\\
N
7
-PE(T?) 06 | Priestner and _\ N\ Fig.24 The dependence of the
WAl Louat} Theory N microcrack strength
\\ Pf(¢%) on the orien-
o | S tation of it under
N uni-axial tension.
\ 4% is thg ?ngle bgt—
02 L\ ween an initial micro-
A\ crack and the normal
3 to the specimen axis.
o
o 30* o 70°
®.
L4
42 / \ o Present Theory —
MO e e e e N e o]
0@ Priestner and
S¢(0) Louats Theory
SE(w)
0.6 Fig.25 The dependence of the

microcrack strength
S¢(Wo) on the orienta-
(7| SR tion of it under tor-
sion. Y, is the angle
between an initial

62 microcrack and the
direction making 45°
with the specimen axis.

0" 30° §o0 90°
Ys

1068



User
Rettangolo


