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The tensile properties in 21-4N austenitic engine valve steel containing pearlitic nodules
due to the grain-boundary reaction have been investigated at room temperature. Some
theoretical considerations on the deformation and fracture behaviour of this steel are
also presented. |n the steel with grain-boundary reaction nodules more than about 10%
in area fraction, the ductility decreases considerably with their increase owing to the
brittle fracture of rod-like precipitates in the nodules. Although the grain-boundary
reaction also decreases the tensile stress and 0.2% proof stress, its effect is more
noticeable on ductility than on strength. A theory is developed to explain the work-
hardening behaviour as well as the fracture mechanism using a model for composite
materials and a good agreement between theoretical and experimental results is obtained.

1. Introduction

In an austenitic engine valve steel with high con-
centrations of carbon and nitrogen, spherical
pearlite nodules with rod-like precipitates are apt
to be formed by the grain-boundary reaction as
well as intragranular spherical precipitates [1—4].
The authors have been investigating the effect of
the grain-boundary reaction on the mechanical
properties using a 21-4N engine valve steel. It was
found that at elevated temperatures the reaction
increases ductility and creep rupture strength has
a maximum when the extent of the reaction is
about 10% in area fraction, while more than 10%
considerably lowers ductility at room temperature
[5]. In valve steels, the mechanical properties at
room temperature are important as well as those at
elevated temperatures, However, the reason why
ductility at room temperature decreases owing to
the grain-boundary reaction has been unknown.

TABLE I Chemical compositions of the steel used (wt %)

In this work, the tensile properties of 214N
austenitic engine valve steel with various amounts
of the reaction have been investigated at room
temperature. A discussion of the deformation and
fracture mechanism of a steel with grain-boundary
reaction nodules is then given, based on a com-
posite materials model.

2. Experimental procedure

Commercial 214N steel bars, 16 mm in diameter
were used in this work. The chemical compositions
are given in Table I. Specimens cut out from these
bars were solution-heated for 1h at 1200° C and
then water-quenched, furnace-cooled or directly
quenched in a furnace maintained at a certain
ageing temperature. Subsequent ageing was carried
out in the range 700—1000° C in order to obtain
specimens of about equal hardness (320 H,) with
various amounts of the reaction and also some of

Steel C N Cr Ni

Mn Si S P Fe

214N 0.51 0.40 20.22 3.90

8.75 0.15 0.008 0.019 bal.
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greater hardness (357 H,,). Test pieces, of SOmm
gauge length and 8 mm in diameter, were machined
from these specimens. A tensile test was per-
formed to rupture at a constant strain rate of
1.3 x 107 sec™ at room temperature (20° C).

The measurement of the extent of the reaction
(area fraction) was made by means of linear
analysis using a number of optical micrographs.
The volume fraction was also calculated from this
result. Each volume fraction of rod-like precipi-
tates in the nodules and of intragranular spherical
precipitates was determined from a number of
transmission electron micrographs of thin films,
while the amount of carbon plus nitrogen dissolved
in the austenite was estimated from the measure-
ment of the lattice parameter of the austenite with
the help of X-ray diffraction.

Ruptured test pieces were cross-sectioned
paralle] with the longitudinal direction and ob-
served on this side by means of optical microscopy,
while initiation of a microcrack was examined by
transmission electron microscopy. Further, an
investigation was made on the microscopic mode
of fracture of the steel with a scanning electron
microscope.

In this work, the unreacted and the reacted
region are simply denoted by “the matrix” and
“the nodules”, respectively. Moreover, the grain-
boundary reaction is denoted by GBR.

3. Effect of GBR on tensile properties

The relationship between the amount of GBR and
the tensile properties at room temperature is
shown in Fig. 1. A small amount of GBR has little
influence on tensile strength, although more than
60% of it decreases the strength considerably. The
0.2% proof stress decreases with increasing amount
of GBR. We shall first discuss the reason for this,
because the yield stress is an important factor in
the following calculation.

The steel used in this study usually contains
spherical or rod-like precipitates in addition to a
large amount of dissolved carbon plus nitrogen in
austenite in the range 1.0 to 2.3 at. %. Therefore, the
yield stress of the steel is considered to be the sum
of the precipitation hardening, namely, the contri-
bution of the Orowan stress determined by inter-
particle spacing, and solid solution hardening due
to dissolved carbon plus nitrogen. In general, the
Orowan stress on the slip plane is estimated as
To 2 ub/i,where! is the mean interparticle spacing,
p the rigidity of the austenite matrix and b the

magnitude of the Burgers vector. The Orowan stress
is approximately 0§y = 2 ub/ly for the nodules and
o9 =2 ub/ly for the matrix, because the corres-
ponding stress in the tensile direction is about
twice as much as this stress. The yield stress of the
solid solution without any precipitates is deter-
mined only by the solidsolution hardening. In
aged specimens the contribution of this to the
yield is considered to be given by 0§y = ov/(cn/
co) for the nodules and ofy = ov/(cy/co) for
the matrix [6], where ¢ (431 MPa) is the yield
strength of the solid solution, and ¢, (3.91 at. %),
¢n and ¢y are dissolved carbon plus nitrogen con-
tents in the solid solution, the nodules and the
matrix, respectively. Consequently, the yield stress
is oon = ofy + 0%y for the nodules and gy =
09m + oy for the matrix.

Numerical calculations based on the experi-
mental results in Table II show that the contri-
bution of the Orowan stress is almost the same as
that of the solution hardening due to dissolved
carbon plus nitrogen, and the sum of them is very
close to the 0.2% proof stress. In the steel used in
this study, the yield stress of the nodules oy was
always lower than that of the matrix ogy,, because
odm = oy and oSy = o¥y. This is corisidered to
be the most important reason why the 0.2% proof
stress decreases with increasing amounts of GBR.

At room temperature more than 10% of GBR
considerably decreased ductility. For example,
rupture elongation decreases from about 12 to 5%
with increasing amount of GBR up to 30% (Fig. 1).
A similar relationship is found between reduction
of area and amount of GBR. The steel of higher
hardness had the lowest ductility in spite of the
very small amount of GBR (4%).
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Figure 1 Effect of the grain-boundary reaction (GBR) on
the tensile properties.
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TABLE II Volume fraction and interparticle spacing of the spherical intragranular precipitates and those of the

rod-like precipitates in the GBR nodules

Amount Volume Spherical intragranular precipitates

Rod-like precipitates in the nodules

of GBR fraction

Interparticle Mean free  Mean Volume Interparticle Mean free Mean Volume
(%) of GBR . . . . . . . .
v spacing spacing diameter fraction spacing spacing diameter fraction
N lomX 1077 Iy X 1077 dy X 1077 fy Ion X 1077 I X 1077 dyX 1077 fy
(m) (m) (m) (m) (m) (m)
0 0 2.50 1.02 1.48 0.10 — — - —
4 0.008 2.61 0.957 1.65 0.064 2.60 1.63 0.97 0.11
(H, 357)
8 0.023 299 1.53 1.46 0.061 5.50 3.96 1.54 0.061
36 0.216 3.70 1.57 2.13 0.10 3.11 2.00 1.11 0.10
62 0.488 3.51 1.49 2.02 0.072 3.11 2.00 1.11 0.10
100 1.0 - - - — 3.11 2.00 1.11 0.10

4. Microstructures of ruptured specimens

It may be deduced from the foregoing experi-
mental results that there is a close relationship
between the decrease in ductility and the change
in the fracture mode of the steel owing to occur-
rence of GBR. Microstructures of ruptured speci-
mens were then examined by means of both optical
and electron microscopies. According to scanning
electrical microscopy, a facet of a specimen with
0% GBR is an example of a typical intergranular
surface, as shown in Fig. 2a. On the contrary, the
intergranular surface of a specimen with 36% GBR
consists of fine dimples less than 10°m in
diameter (for example, as indicated by arrows in
Fig. 2b). By means of optical microscopy, a lot of
intergranular cracks could be observed within the
GBR nodules near the fracture surface, and these
could lead to the rupture of the whole specimen.
Further, electron transmission microscopy of this
specimen revealed that rod-like precipitates in the

Figure 2 Scanning electron micrographs of tensile ruptured specimens. (a) 0% GBR (b) 36% GBR.

1660

nodules contained a lot of these cracks as shown
in Fig. 3a. Careful observation with the optical
microscope revealed that the frequency of these
cracks increased with decreasing orientation dif-
ference between the longest axis of rod-like pre-
cipitates and the tensile direction, as shown in
Fig. 4, while cracks could not be found either in
or around the spherical intragranular precipitates
at all (Fig. 3b). Therefore, it was considered that
at room temperature the brittle fracture of rod-
like precipitates in the nodules would lead to the
rupture of the whole specimen and would result in
a considerable decrease in ductility of specimens
with large amounts of GBR.

5. Deformation and fracture of steel with
GBR nodules

As schematically shown in Fig. 5, the steel used in

this work is a kind of composite material which

consists of spherical GBR nodules containing




Figure 3 Transmission electron micrographs of tensile ruptured specimen with 36% GBR; (a) cracks in the GBR nodule,
(b) intragranular precipitates.
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Figure 5 Schematic representation of composite materials
in this work.

parallel rod-like precipitates and spherical inter-
granular M3 C4 precipitates. However, the defor-
mation and fracture mechanism of this material
has remained unknown so far. We therefore
present a theoretical discussion, based on elastic
theory, of the mechanism at room temperature.

5.1. Rigidity and Poisson’s ratio of M,3Cq
precipitates and austenite

The rigidity and Poisson’s ratio of M,3Ce precipi-

tates as well as those of austenite play an important

role in the following calculation. Therefore, we

begin by considering the rigidity and Poisson’s

ratio of the steel.

There have been no reports on the experimental
values of the rigidity and Poisson’s ratio of M3 Cs
precipitates. However, from the measurement of
Young’s modulus of the steel in this work, a
rigidity u=8.13 x 10* MPa and Poisson’s ratio
v=0.33 were obtained for the solid solution
without any precipitates, while u=8.13 x
10* MPa and » = 0.31 for the steel with spherical
M,;C¢ precipitates of about 10% in volume
fraction. Further, it was found from tensile tests
and cold rolling that rod-like precipitates in the
nodules would fracture when the total strain of
the specimens was in the range 3 to 4%. It is there-
fore concluded that M,; C4 is a material which has
the same rigidity and Poisson’s ratio as the austenite
matrix, and deforms only elastically.

B.2. Elastic strain energy of steel with GBR
nodules

Eshelby [7, 8] showed that the internal stresses in

the second phase, with eigen-strains and elastic

strain energy stored in the material, could be cal-
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culated without difficulty when the second-phase
particle is ellipsoidal. Further, Tanaka and Mori
[9] applied Eshelby’s method to the understanding
of plastic deformation of a material with non-
deforming second-phase particles, and calculated
the stress—strain relationship of it. In this work we
apply their method in order to discuss the defor-
mation and fracture mechanism of composite
materials with GBR nodules.

As shown in Fig. 6, in composite materials,
with GBR nodules, plastic deformation occurs
only in the austenite of the matrix and that of the
nodules under a uniform tensile stress 055. A hom-
ogeneous plastic strain in the tensile direction is
defined by €3; for the matrix and €33’ for the
nodules, respectively. It is assumed that the plastic
strain in each part of the steel is uniform through-
out the region and is independent of position.
Since a “constant-volume law” holds as regards the
plastic deformation, €% = €*, €}; = €3, = —3¢€*
for the matrix and ey = €**, eff* = €3, = —1¢**
for the nodules. Further, an M,3Cg particle de-
forms only elastically, and therefore the average
plastic strains amount to &3 = (1 —fy)e*, €51 =
&, =—5(1 —fy)e® for the matrix, and &5 =

° 0'3’;
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Figure 6 Plastic strains in the nodules and in the matrix.



(I —fum)e™™, &t = €5 = —5(1 — fx)€e** for the
nodules, where each volume fraction of the pre-
cipitates is fy for the matrix and fy for the
nodules.

In materials with ellipsoidal non-deforming
particles, the internal stress state where the
austenite matrix is plastically deformed to plastic
strains, €;;, is identical to that when eigen-strains,
el, occur only in the second-phase particles [9].
Constrained strains, ef;, are expressed by the
Eshelby tensor S;m (i, /, k, [=1, 2, 3) [7] as
follows: )

The stresses o3;(i, j =1, 2, 3) in the second-phase
particle [6] are

ol = Me® —eT)8,; + 2u(el —el)

c __ T
i = Sijk1€ri-

)

where e® =e§; + €5, + €5, eT =y + ek, +ex;,
8;; is Kronecker’s delta and X Lamé’s constant
[=2w/(1 —2v)].

The elastic strain energy of the whole material
E (energy stored in matrix and second phase) is as
follows:

1,7

E = —joje; (3)

where ¥ is volume fraction of the whole material
and f that of the second phase.

In the composite materials treated in this work
the following three kinds of elastic strain energy
can be considered.

(1) Ey, the elastic strain energy stored in the
matrix due only to the plastic deformation of the
austenite matrix.

(2) E, the elastic strain energy stored in the
nodules due only to the plastic deformation of the
austenite matrix.

(3) Fyn the elastic strain energy in the whole
material arising from the difference in plastic
strain between the nodules and the matrix.

A method of calculating these three kinds of
elastic strain energy will be given in the following
sections.

5.2.1. Ey, the elastic strain energy stored
in the matrix

The internal stresses when the austenite of the
matrix is plastically deformed to certain strains,
€7, can be calculated according to the foregoing
method of Eshelby. Since the superposition of
uniform plastic strains has no influence on the
stress state, we have only to consider the internal

stresses og"l with eigen-strains e;; (= —e;j;). These

stresses are given by

7—5v
M 1 77
offt = on = Tygg o, ke
2(7 —5v)
m . - 7 * 4
033 15(1 — ) He 4)

and the others vanish.
Therefore, the elastic strain energy stored in the
matrix; Fy, is given by

7—5v
Ey = ——— ue** ful
M 10(1 — ) ue™*fa Vm

)
where Vi is volume of the matrix. Further, the
interaction energy among the precipitates is
neglected here, because stresses outside a precipi-
tate decrease as (a/r)*.

5.2.2. Ey, the elastic strain energy stored -
in the nodules

The nodules are strengthened by rod-like precipi-
tates aligned in the same direction. The orientation
of rod-like precipitates is different in each module.
If 6 is the orientation difference between the
longest axis of those precipitates (x3-direction)
and the tensile (x;-direction) (Fig. 6), and if the
precipitates have eigen-strains ejy = —e**, i =
€35 =%3€** in (xq, X, x3) coordinates, those in
(1, x5, x3) coordinates are as follows.

ei’’ = (3 cos®0 —sin?@)e**

e;:z*l - %6**

e3s = (3sin?6 —cos?0)

esf’ = efs" = —3sinf cos e (6)

and the others vanish.

The internal stresses o} in a rodike pre-
cipitate also can be calculated by using the
Eshelby tensor [7]. The o, these stresses in
(x},x5,x3) coordinates are given by

IN' pe**
= ——— x
T 1=
[ (3 —8v)cos?d +2(3 — 2w)sin?6 — 1]
) pe**
A -

8(1—v) X

[—(1 —8v) cos’8 + 2(1 —2v) 5in?6 — 3]
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ket

7= = 2(1 —v)
[(4 —v)cos?0 —2(1 —v)sin?6 —»]

X

IN'

_ JINY __
031 = 013 =

2 sin 6 cos ge**

(M

and the others vanish.
Consequently, Ey is a function of 0 and is
expressed by the following equation:

*%k2

e
Ey = ——— X
N T 32(1-v)

[27 cos*@ —6(1 + 4v) cos?@ + 19 — 8] fx Vn
(®)

where Vy is the volume of the nodules. Again, the
interaction energy among these precipitates is
neglected.

5.2.3. Eyp, the elastic strain energy arising
from the difference in the plastic
strains between the nodules and the
matrix

Since the shape of the precipitates in the nodule is

different from that in the matrix, the plastic strain

of the former is considered to be different from

that of the latter. Therefore, internal stresses, o5,

arise from the difference in the average plastic

strains between the nodules (€5;*) and the matrix

(85)- Putting e]; as follows

el = &3 — &5 = (1—fy)ess — (1 —fu)es

A —fo)e* =1 —fu)e

-t
€11

=3[ —f) e =1 —fu) €]

T . =k¥
ey = e = €n

©)

I

then the o} values in a spherical nodule are given
by

Bl = )€ — (= fu) ']
207-5 . .
A = 22— et (= fe]

(10)

and the others vanish.
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The elastic strain energy stored in the nodule
and matrix, Eyy is given by

7—5v
Eyy = ———— X
MN-T 001 —»)

pl(1=fy)e** — (1 = fpe*]? V-
(11)

5.3. Determination of total free energy,

€* and €**
In the discussion on the deformation behaviour of
the steel with the GBR nodules, the following
energies should be taken into account as well as
the three kinds of energies mentioned above.

The decrease of the external potential in the
material, E,q; [9], produced by the occurrence
of plastic strain under a tensile stress, which is the
sum of EN; due to the nodules and Eg’f,t due to
the matrix, is given by

Epot = Ella\gt +E1§>t

= —of[(1 —fwe Py + (1 — e n].
(12)
The energy dissipation occurring during the plastic

deformation in the steel, Eg;p, {9], is also the sum
of £ gsp for the nodules and £, deIsp for the matrix.

Edisp = EdNiIsp +E£sp
(13)

where the yield stress is ooy for the matrix and
oon for the nodules, which is assumed to be the
sum of the contribution of the Orowan stress
and that of the solid solution hardening.

The free energy change due to the applied stress
alone when the steel is homogeneous and has no
inclusions is given by

= Ogm VME* + UONVNG**

(o5’
E

Eolas = — (14)

B |

Therefore, the Gibbs free energy of the whole
specimen, £y, is also given by

Ey = Eyq +En + Evn + Epot +Edisp t Eelas

7—5v ue
Al LI _uet
10a—n" 32(1 —»)

[27 cos*@ — 6(1 + 4v) cos?8

KT Y

*2Vmfu t+



7—5p = P %72
m#[(l fx)e (1 —/fwe'l

Vn — o3 [(1 —fAape™ Vg + (1) e ]

+ (Gom V€™ + oon Ve**) — 4 (o037 /E).
(15)
As already mentioned, the orientation of the rod-
like precipitates is different within each nodule.
Taking this into account by averaging £ with

respect to 6, the true Gibbs free energy of the
steel, E, is given by

Et = EM +E[1)Vét +EdNilsp
ki
3
+ j (Ex + Emn + ENy + EXep)
0

sin 8d8 + E¢1a¢ (16)

¢* for the matrix is given by

Jm

e =

, @ —fM)[ (o‘s% —10%*) Vi +1@, D)1 — fy)? (o_% -

where the plastic strain €* in the matrix which is a
function of an external stress 0%y and Vi, is
independent of position and 8, while the plastic
strain €** is a function of 043, Vy and 6.

Hitherto €* and €** have been treated as un-
known quantities, but we next calculate their
values. Tanaka and Mori [9] showed that the
stress—-strain relation of the material with second-
phase particles could be calculated by minimizing
the Gibbs free energy of the system. Since the
steel in this work contains two kinds of precipi-
tates, namely, the GBR nodules with rod-like
precipitates and spherical intragranular precipitates,
the condition which would minimize the Gibbs
free energy should be introduced by the calculus
of variations. Therefore, the minimum value of E
is given by €* and €** which were determined by
0E,/9e™ =0 and 9E,/0e™* =0

Oon 16(7—5V)V
1—fy) 135fy ©

2w 75y

T()(T;_V’)—{[(l ~ ) Va T fuVul — 1@, DA — ) (1 — fx)? 16(7 —5v) VN}

(17)

135fy

where
2(1 + -
ﬁ:/ a 4V)+3/ 19 —8v
9 27 135fn
_ 1 1+a+5b
I(@ b) = —1 -
@b = 5 8 [ =2 vs

e** for the nodules is as follows:

16(7 =) =fu)|| . _ /[19—8
+ )5 -y

16(7 — 5v)(1 —fx )2
135fy ]

2—a

+ — 1_ tan—1 i_ﬁ__ + tan—l
2b\/(4b —a*) N J@b—2%)

o 7—5v
1 (1 —1y) {0?3 ot sasy —fM)ue*}
. N
e** = 5/: I — 5, (18)
— 4n + 2 _ o _ 2
20 =) [27cos*0 —6(1 +4v)cos®0 + 19 —8v] fiy + 1001 —v)(l N
€**, the averaged value of €** with respect to 6 is given by
o 7—5v
7 (=1 [03“3 1 _01; S —») ( —fM)ue*}
gr* =J €**sin 0d = — ol 1(a, b). (19)
0 2p 27/x/132(1 —»)]
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Consequently, the plastic strain occurring in the
whole specimen, €, is as follows.
(0 —fm) Vue" + A —fy) Vne™

€= T . (30)

The stress—strain curves calculated from the above
equation and those obtained from the experi-
mental results are shown in Fig. 7. An excellent
agreement between the prediction of the present
calculations and the experimental results is found
within 2% of the plastic strain. As regards the
dependence of €** on @, the minimum value of
€™ and the highest work hardening rate are pre-
dicted when 6 = 0, since €* is greater than €™,
The work hardening rate of the nodules is lower
than that of the matrix when @ is close to 90°.
However, it is obvious that the work hardening
rate of the whole material does not increase so
much with increasing amount of GBR, as shown in
Fig. 7.

5.4, Fracture of material with GBR nodules
It was deduced from microscopic observations that
the fracture of rod-like precipitates in the nodules
would result in a decrease in the ductility of the
material. We now discuss the fracture mechanism
of a steel with GBR nodules.

The fracture of a precipitate without pre-existing
cracks is predicted to occur when the following
two conditions are satisfied.

(1) The tensile stress in a precipitate exceeds its
theoretical breaking stress.

(2) The free energy decreases owing to the
initiation of a crack.

There are three kinds of stresses in the rod-like
precipitates in the nodules. These are a uniformly
applied external stress, oi‘?, the internal stresses
arising from the difference in the plastic strains

between the nodules and the matrix, oj} (Equation

10), and those induced by the plastic deformation
of the austenite matrix in the nodules (Equation
7). Normal stress o33 and shear stress o33 in the
x5 direction of (x}, x5, x3) coordinates are given
by

o _ I A IT _ 011 __ A

033 = 033 T o33 + (077 —033 —033)
sin?0 + ol'.

r__ 11 I1 A

013 = —(07 — 033 —033)

sin @ cos 8 + o1y .

@1

Both the normal stress 033 and the shear stress 013
were calculated for a steel with 8% GBR (fyy =
fn =0.061) and that with 36% GBR (fyy = fx =
0.10), when a 0%y corresponding to the tensile
strength was applied. The calculations were also
made for fiyy =fx =0.10 in the steel with 8%
GBR. Those results are shown in Fig. 8. The
normal stress 033 is a maximum when the longest
axis of the rod-like precipitates are parallel to the
tensile direction (6 =0), and is about 1.02x
10* MPa for the steel with 36% GBR. In general,
the theoretical breaking stress 0,,, of the material
is in the range 5 to 16% of its Young’s modulus
[10] . Taking this into account, the calculated values
are very close to the theoretical one (0., = E/20
= 1.08 x 10% MPa). In the steel with 8% GBR the
normal stress increases from about 9.11 x 10° MPa
to about 1.54 x 10* MPa with decreasing (= fyr =
/n) from 0.10 to 0.061. However, it is revealed
in any case that the stress condition is almost
satisfied for rod-like precipitates when the steel
undergoes plastic deformation in the range 3 to 7%
with 8% GBR (f=0.061-0.10) and about 4%
with 36% GBR under an external stress corre-
sponding to the tensile strength of each steel. A
maximum shear stress of about 4.90 x 10° MPa

16

Figure 7 Stress—strain curves obtained
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Figure 8 Stresses in rod-like precipitates in
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is obtained on the steel with 8% GBR for f = 0.061
when 8§ = 45°, but it is still lower than the theor-
etical shear stress 7,5,, = 9.02 x 10% MPa which is
sy for fcc metals [10]. This implies that no
fracture of rod-like precipitates can occur by shear
stress alone.

The energy condition for the crack initiation
under the action both normal and shear stresses
will also be theoretically discussed. The critical
size of a crack initiated perpendicularly to the x5
direction can be calculated by Eshelby’s method
(see Appendix). In this case the critical radius # is
given by

3y

' 2,
2 (0323 + ‘2:‘ 0'1%)

where v = Eay/10 [10] is the surface free energy,
E (2.16 x 10° MPa) is Young’s modulus of the
steel in this work and @, (2.55 x 107'° m) is the

(22)

a
1—v

T

30 40 50 60 70 80 90

90

interplanar distance. For instance, the energy con-
dition expressed by Equation 22 is satisfied for a
crack radius greater than about 3.70 x 1078 m in
the steel with 36% GBR when 6 = 0°. The average
radius of the actual rod-like precipitates is approxi-
mately 6.00 x 107 m, and therefore the energy
condition is sufficiently satisfied. The same con-
clusion was obtained on the steel with 8% GBR.
Consequently, it can be considered that the
initiation of the fracture is controlled by the stress
condition, namely, by the magnitude of the tensile
stress applied to the rod-like precipitates in the
longitudinal direction. It was revealed from the
experimental results that the frequency of fracture
of those precipitates considerably increases as their
longest axis approaches the tensile direction (Fig.
4). This supports the foregoing prediction that the
fracture of rod-like precipitates occurs owing to
tensile stress. Therefore, the fracture of the steel
with the GBR nodules is considered to occur in
the process as shown in Fig. 9.
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Figure 9 Fracture of the steel with the GBR nodules at
room temperature. (a) Initiation at cracks in the nodules.
(b) Rupture of the nodules caused by formation of small
dimples and their linkage. (¢) Rupture of the matrix.

(1) Initiation of microcracks caused by the
fracture of rod-like precipitates in the nodules.

(2) A large number of voids formed from these
microcracks owing to plastic deformation in the
austenite matrix and the fracture of the whole
nodule caused by the linkage of these voids.

(3) Intragranular fracture, which results in the
rupture of the whole specimen, caused by the
propagation of these cracks from the nodules to

the adjacent grains.
As for the other materials, the fracture of
structural steels with eutectic MnS and those with
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rod-like MnS [11] is considered to be an example
of this type of fracture. However, in the steel with
a smaller amount of GBR than 10%, this type of
fracture has little effect on the ductility and
strength.

However, no cracks in the spherical intra-
granular precipitates were observed at room tem-
perature. The normal stress in a spherical precipi-
tate in (x}, x5, X3 ) coordinates, 033, is given by
by + o —olh 22

Vm

(23)

where o35 is the “image force” introduced by

Eshelby [12] and Brown [13], and is obtained

from the relation o3 Vy + oV =0. GJ, the

averaged surface traction with respect to 8, is given
by the following equation.

M _ I A ' _
03 = 03 T 03 togy =

/2
o = J o1} sin 6d6. (24)
0
Consequently, o33 is independent of 8, and about
5.40 x 10% MPa for the steel with 36% GBR. In
this case, the stress value is too low to satisfy the
stress and the energy conditions. This is the im-
portant reason why the intragranular precipitates
did not fracture, as shown in Fig. 3b.

6. Conclusion

The effect of the grain-boundary reaction (GBR)
on the deformation and fracture mechanism of
21-4N engine valve steel has been investigated at
room temperature. The results obtained are
summarized as follows.

(1) The grain-boundary reaction has a prominent
effect on the ductility of the steel. More than 10%
of it in the area. fraction considerably decreased
the ductility.

(2) This is to be attributed to the brittle fracture
of rod-like precipitates in the nodules caused by
tensile stress, which results in the initiation of the
rupture of the whole specimen. This was also pre-
dicted by the foregoing theoretical discussion on
the fracture of rod-like precipitates.

(3) A small amount of GBR does not have a
serious effect on the strength. The decrease in the
tensile strength is not very remarkable up to 60%
GBR, while the 0.2% proof stress decreases with
increasing amount of GBR.

(4) The deformation and fracture mechanism of
the steel with both the GBR nodules and intra-
granular precipitates has hitherto not been under-



stood in detail. In the present work the stress—
strain curves and the internal stresses in precipi-
tates, both of the nodules and of the matrix, have
been calculated by treating those steels as a kind
of composite material. It was shown that agreement
between the calculated and the experimental
stress—strain relationship was quite good, and the
fracture of rod-like precipitates under tensile
stress was also explained on this model.

The “composite materials model” used in this
work is thought by the authors to be useful not
only to explain the deformation and fracture
mechanism of this kind of material, but also in
discussing the design of composite materials.

Appendix. Initiation and growth of a crack
Conditions for the initiation of a crack in the
material are

(1) Stress at the position where the initiation of
a crack is predicted exceeds the theoretical breaking
stress.

(2) The free energy of the system considered
decreases with the initiation of a crack.

There are the following four kinds of energies
involved in the free energy of the system, namely,
(a) free energy of a crack, (b) work done by
external stress according to the crack formation,
(c) increase in the surface free energy owing to the
crack opening, and (d) sum of the stored elastic
energy and the accompanying work done under
the uniformly -applied external stress.

The free energy of a crack under stresses, 04},
o4, o5 and o4y can be calculated just as before,
provided that a crack is penny-shaped [(x} + x3)/
a + (x3/c?) = 1, a > c]. The ellipsoidal region is
considered to be a crack where the internal stresses,
o}, with eigen-strains e3;, €3, €3; and ej; in it
are compensated by the external stresses o7},
namely, of; +of; =0. Stresses o}; with ej; are
obtained from Equations ! and 2 in the text. e
are calculated as functions of ¢} and are given the
following equations:

o ofiorol w1y,
T 2u( +v) 4u(d +v) 8
e By S (0 k) BN
= - [0
» 2u(l +v) 4u(l +v) B

. (d+2)d—v) (o} +0h)

€3 T T4 + )
lot+ien(1-v) 21—»a A
16u(l +v) mooc| >
=207 2 g (A1)

1 = w@—v)yc '

where u is the rigidity and v Poisson’s ratio of the
material. Consequently, the free energy of a crack
E is obtained just as in Equation 3 of the text.

— 1 A %
E, =

1 I % —
30;5€;V = 30j5€;

_1 0‘1\12 + o‘?; — 20?05
2 2u(l +v)

IR0 (it PN
e CERELE
[2(1 RS —V)] -
+ o 033
mwmc 16u(l +v)
_ 4(1 —») a4 a2
Hﬂﬂ@ . 013} V. (A2)

Since the actual crack is an extemely thin ellipsoid
(¢ <€ a), the equation for £, is simpler, namely,

2(1 — 2
! l A=») o,

41 —v) 2| a
- V(A3
5 o 033 w2 —) 013}6 (A3)

E, =

where V (=3ma’c) is the volume of a crack. W,
the work done on forming the crack is

W= —ofjeiV = —2E,. (A4)

The surface free energy of a crack is given by S
(v is the surface free energy and S the surface area,
S =2ma?). The sum of the stored elastic energy
and the accompanying work done £, by external
stresses o,ﬁ-‘, is as follows:

2
013

2 2 2
1o + o0 + 0%
EO = ———————

2] 2ud +v) Vo (A5)

where ¥, is the total volume of the material. G,
the total free energy of the material with a crack,
is given by

G =E,+W+yS+E,. (A6)
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Conditions 1 and 2 for the initiation of a crack are

A A
033 2 Omax O 013 = Tmay (A7)

and G —Ey = 0, namely,

Ay 2 o3 m oy 3nlte .4
73 +2—v oiy = 21—va 10 l—v” a

(A8)
For the steel used in this work, oy, = E/20 =
1.08 x 10* MPa, Tpax =#/9 =9.02 x 10° MPa,
and 7= 15.52Jm™, since Young’s modulus £ =
2.16 x 10° MPa, Poisson’s ratio » = 0.33 and the
interplanar distance @ = 2.55 x 107 m. Only
two components of stress, 653 and o4}, are involved
in Equation A3, because, for a penny-shaped crack,
the terms with ofy and o3 are far smaller than
those with ¢%y and 0%y, and the effect of those
stresses on ej; is negligible.
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